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It's my experience that everyone who has a
device like a tracker in mind wants to use it
... where the range is maximum, the signals
are small, and the going is tough.

Lucien M. Bibernan (19)

INTRODUCTION
All photosynthetic organi8ms have evolved

specialized means of regulating their exposure to
sunlight. One form this adaptation has taken
among the flagellated algae is their phototactic
response, the ability to swim toward or away
from a source of light. The response is found
among representatives of all of the major algal
groups except the Cyanophyta and the Rhodo-
phyceae, which entirely lack flagellated forms.
(We use the provisional classification of Dodge
[58] in which most groups are not referred to
above the level of class because of present un-
certainties of relationships. This classification
follows botanical rather than zoological nomen-
clature.) The response was first observed by
Treviranus in 1817 in zoospores released from
the filamentous alga Draparnaldia (239). Lead-
ing biologists studied the response in the nine-
teenth and early twentieth centuries, a period of
investigation that culminated in Buder's defini-
tive paper on algal phototaxis in 1917 (31). After
a period of relative neglect, phototaxis has been
under active investigation in a number of labo-
ratories in recent years. Earlier work is thor-
oughly reviewed by Haupt (106); later work is
covered by Feinleib and Curry (75), Forward
(80), Lenci and Colombetti (146), Diehn (54),
and Nultsch and Hader (200). Here, we apply
physical principles to obtain new information
from the results of physiological experiments
and ultrastructural studies of algae reported in
the literature. The purpose of our analysis is to
explain phototaxis better and to suggest new
approaches for studying the problem.
Buder (31) demonstrated that phototactic al-

gal flagellates orient to the direction of a beam
of light, provided its intensity is within the be-
havioral range of the cell. (We use the familiar
term light intensity. More and more frequently
irradiance is used instead.) This behavior is il-
lustrated in Fig. 1, which shows the swimming
path of a single cell. At B, light was turned on
from below. The cell altered its path, locked on
to the beam, and swam directly toward its
source. At C, the light was turned off, and the

cell drifted away. By means of converging and
diverging lenses, Buder proved that the cell re-
sponds to light direction, not an external gra-
dient of light intensity. In other words, a posi-
tively phototactic cell swims toward a light
source whether the extemal light intensity in-
creases, decreases, or remains the same. Buder
examined the swimming paths and aggregation
patterns of a variety of algae, including
Chlamydomonas, Carteria, Euglena, Trache-
lomonas, colonial algae, and swarm cells of fila-
mentous forms. He found that these algae orient
to steady illumination and concluded that this
behavior is the biologically gnificant photore-
sponse. In short, flagellated algae are specialized
for tracking light direction.
The geometry of both the cell and its swim-

ming path are important for phototaxis. When
the cell changes its orientation to light, the dis-
tribution of light within the cell changes. Jen-
nings (131) and Buder (31) recognized that the
cell uses this change as a signal of how the cell
has deviated from the light direction and what
corrective response is needed. However, detailed

B B

A A

FIG. 1. Stereo plot of the path of an alga showing
phototactic attraction to light. The path appears in
correct three-dimensionalperspective when the image
of the right-hand plot seen by right eye is superim-
posed on image of left-hand plot seen by left eye. A
single ceU of Chlamydomonas reinhardtii (strain
137c, mating type +) was followed for 12.0 s in the
tracking microscope (16). Dim red light, which causes
no response, was used for tracking. The position of
the cell was recorded every 42 ms. The track starts at
A. At B, blue stimulating light from below was turned
on. At C, the stimulating light was turned off. Path
length, 1.9 mm; average speed, 159 ± 14 pun/s.
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information about the signal and the response
has proved difficult to obtain. After considering
phototaxis from as many viewpoints as possible,
we concluded that specialized structures inde-
pendent of the photosynthetic apparatus are
used for phototaxis, and that these structures
are best thought of as directional light wave
antennas. We call them antennas because, like
radio wave antennas, their optical characteris-
tics are dominated by interference and diffrac-
tion. In both algal and radio antennas this is a
consequence of their size, which is of the same
order as the electromagnetic waves they receive.
In both cases the size of the structures is less
than 50 wavelengths. (Larger radio antennas are
properly called telescopes and can be described
in familiar optical terms.)

Usually, an algal antenna is an eyespot plus
associated structures. Algae control phototactic
behavior by scanning their environment with
the antennas. In our discussion, we follow a
philosophy used in determining performance cri-
teria of man-made antennas, in which emphasis
is on optimum design for some intended function
(224). In biological terms, this means that we
must consider the environment, the signal re-
ceived by the photoreceptor, signal processing,
and the response in addition to the properties of
the photoreceptor structure. Relevant informa-
tion on phototaxis is limited, but by integrating
details from a variety of algae, comparing them
with other organisms, and considering the re-
quirements for signal processing, we can map
out the general principles of algal phototactic
behavior.
One of our aims is to provide the reader with

an intuitive sense of how phototaxis works. For
this purpose certain dimensions must be kept in
mind. Typical swimming speeds are 100 um/s
for unicellular algae and up to 1,000 pim/s for
large colonial algae. Swimming is caused by the
flagellar beat. As the organisms swimn, their cell
bodies rotate at frequencies in the range 0.2 to
2.0 Hz. The flagellar beat frequency is 10 to 100
times greater than the rotation frequency. Pho-
totactic algae range from the size of bacteria to
colonial algae containing thousands of cells and
having a diameter up to 1 mm. Bacteria are
typically a few micrometers in length.
This increased size relative to bacteria is im-

portant to the way that flagellated algae carry
out phototaxis. Bacteria are too small to track
light. One reason for this is that they cannot
create within their bodies a sufficient gradient
of light intensity to obtain accurate clues about
light direction from changes in light intensity
caused by their own motion. Furthernore, the
swimming direction of bacteria is rapidly ran-
domized by rotational Brownian motion. Motile

bacteria have overcome this problem to some
extent by evolving rod and spiral shapes. Even
so, bacteria show at most a limited ability to
orient parallel or perpendicular to a light beam
(K. W. Foster and H. C. Berg, manuscript in
preparation). They cannot sense light direction
and cannot track. For most phototactic algae,
the increase in size makes rotational Brownian
motion insignificant. For example, Brownian
motion randomizes the orientation of a sphere
10um in diameter, a common size for unicellular
algae, in about 6.5 min (relaxation time). This is
much longer than the reaction time of the cell.
Furthermore, internal gradients of light inten-
sity can be created in a surprsing number of
ways (see Antenna Structures). (The behavior
of the smaller phototactic algae has not been
studied in detail. The smallest is Micromonas
pusilla, a monoflagellate 1 to 3,um long and 0.75
to 1.0 pin wide with a volume of 1 to 2 pm3 [158,
164, 237]. Like bacteria, this orgaiism swims
rapidly [50 body lengths per s] and changes
direction frequently.)
Tracking is a sophisticated form of behavior

involving problems of timing, stability, and
noise. Acquisition of this ability required the
evolution of complex cellular machinery and
integration of the specialized components into
an effective design. Tracking cannot be the in-
cidental by-product of responses primarily used
for other purposes. One biological purpose of
phototaxis is to move the organism as rapidly as
possible into the proper intensity of sunlight.
The cells may also orient to optimize their rate
of photosynthesis. Some algae appear to use
light direction to find a place to mate or germi-
nate. One indication that algae are under strong
selective pressure to develop phototactic behav-
ior is the spectacular convergent evolution that
has occurred in different algal groups. As we will
see, many examples are known of diverse ele-
ments that have been adapted to serve much
the same function by different algae.

The Problem: Detecting Light Direction in
the Native Environment

We have seen that algae regulate their expo-
sure to light by swimming toward or away from
the light source. To do this they detect a pattern
in the distribution of light reaching them. The
point is obvious when we consider that orienta-
tion would be impossible if the light were uni-
formly distributed. Light in natural environ-
ments has three physical properties (namely,
color, polarization, and intensity) whose distri-
bution pattem could be used. There is no evi-
dence that algae orient by either color or polar-
ization, even though they have some sensitivity
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to both qualities. They orient to the intensity
pattern.
The simplest possible pattern is parallel light,

but natural light, especially under water, is dif-
fuse, coming from different directions. The or-
ganism therefore must orient toward the aver-
age, or resultant, light direction. We are speaking
now of the intensity of light at a single point and
how it is distributed as a function of the angle of
incidence. We are not speaking of a spatial gra-
dient of light intensity. The distribution of light
intensity must be sensed in such a way that the
organism receives a signal telling it how to make
a precise correction, a correction of the right
magnitude in the right direction. For greatest
effectiveness, the organism should respond cor-
rectly from any orientation.
Four severe constraints are placed on the de-

sign of the light detector: it must find the signal
in a background of noise, it must operate over
most of the range of light intensities found in the
native environments, it must have the proper
spectral sensitivity to detect the wavelengths of
light that reach the algae, and it must commu-
nicate rapidly to the response apparatus. The
design of a detector that extracts useful signals
from noise is complex and calls for a detailed
discussion here of the noise problem.
At least five sources of noise seem important

in phototaxis. (i) Rotational diffusion is one
source of noise. As already discussed, algae are
so large that rotational Brownian motion, which
results from thermal bombardment ofthe organ-
ism by water molecules, is insignificant. This is
not the only cause of rotational diffusion. The
motility of the organism itself has a random
component that constantly alters its orientation.
Repetitive beating of the flagella moves the or-
ganism. If all flagellar beat cycles were identical,
the organism would be driven along a uniform
helical path (153) perturbed only by the other
sources of noise. This is partly what occurs, but
random variation from one beat to the next
introduces rotational and translational diffusion.
The effect is accentuated by the low Reynolds
number associated with cell motion; that is, in-
ertial forces are negligible compared with vis-
cous forces. This has the consequence of trans-
mitting every motion of the flagella to motion of
the body, causing it to move back and forth with
each flagellar beat. In Chlamydomonas, where
it has been measured, rotational diffusion is
great enough so that course corrections are con-
tinuously required, but it does not prevent track-
ing. (Chlamydomonas has a Reynolds number
of 10-3. It rotates in a left-hand helix at about 2
Hz. Superimposed upon the rotation is rota-
tional diffusion with a relaxation time of 2 s [R.
D. Smyth and H. C. Berg, manuscript in prepa-
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ration]. The flagellar beat frequency has been
measured at 25 Hz [125] and 50 Hz [227] with
different conditions and strains. In one beat cy-
cle, rotational diffusion causes the cell to turn
an average of 80. The swimming speed is typi-
cally 100 ,um/s. We have in our possession high-
speed motion pictures of swimming Chlamy-
domonas cells. These filns, made in the labo-
ratory of T. L. Jahn by J. F. Fonseca, show that
during one beat cycle the cell goes forward about
4 jm and backward about 2 pm. During one beat
cycle the cell may turn back and forth through
an angle of up to 20 or 300.) (ii) A second noise
source is convection currents. In shallow water,
heating on the bottom causes water to rise to
the surface. This creates a series of circulation
paths that continuously cycle the water from the
bottom to the surface and back to the bottom
again. The algae must be able to reorient as this
convective flow carries them off course. Both
convection currents and rotational diffusion dif-
fer from the following sources of noise in that
the signal is altered by actual variation in the
orientation of the organism to the light. (iii) A
third noise source is external fluctuation in light
intensity. Waves on the surface of any body of
water act as lenses that partly focus light below
the surface. As the waves move, bright bars of
light move with them, causing the light below
the surface to fluctuate. The phenomenon can
be seen by looking at ripples in shallow water in
direct sunlight. Measurements made using large
sensors in large bodies ofwater exposed to direct
sunlight (51, 195 and references therein, 225)
indicate that the fluctuations are large. For ex-
ample, in the upper few meters the variation
may be as much as 80 to 90% of the mean
intensity and is maximum in the frequency range
0.4 to 1.0 Hz. This is somewhat below the rota-
tion frequency of unicellular algae. Measure-
ments with sensors the size of algal sensors are
needed of the magnitude of light fluctuation as
a function of frequency in algal environments.
We predict that appropriate measurement will
show that external fluctuation in light intensity
constitutes an important source of noise. (iv)
Shot noise is caused by statistical fluctuation in
the number of excitations of photoreceptor pig-
ment, and its magnitude depends on the amount
of pigment and the amount of light. (v) Internal
noise is noise produced within the organism by
such factors as concentration fluctuations and
fluctuations in membrane potential. This noise
occurs at all stages, from signal reception
through response. We know from the relatively
small number of molecules involved in biochem-
ical processes that these fluctuations must be
large and must therefore introduce appreciable
noise into phototaxis, but at present we have no
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adequate measure or good theoretical estimate
of this noise.

The Solution: a Directional Antenna
Designed to Match the Environment of the

Organism
Phototactic algae solve the problem of finding

the light direction by scanning their environ-
ment with an antenna sensitive to light. The
antenna must be integrated with the response
mechanism of the cell so as to produce an effec-
tive overall design. Consider unicellular forms
first. Despite their enormous diversity of form,
they use the same basic scheme for phototaxis.
The extent to which their antenna design
matches requirements determines how effec-
tively they track.

Figure 2 shows a diagram of Chiamydomonas
that illustrates the principle. The cell has a red
spot on its side, the eyespot. The eyespot and
associated structures form a directional antenna
(see Antenna Structures). (Most of the algae we
discuss have eyespots. This means that one of
the components of the antenna is visibly pig-
mented. However, the visible pigment is not the
photoreceptor pigment, which is present in too
small an amount to be seen in the microscope.
It is not essential that the antenna have a visibly
pigmented structure, and algae exist that have
antennas but not eyespots. We use the words
eyespot and stigma synonymously.) The an-
tenna senses light most strongly when the light
is normal to the outer surface of the antenna
and least when it strikes the antenna from the
side or the back. The cell swims with its flagella
forward, rotating approximately twice a second
as it swims. This rotation causes the antenna to
scan the environment. If the swimnming path
were held parallel to the light direction, the
antenna would receive nearly constant illumi-
nation throughout the scan cycle. But noise
quickly causes the cell to deviate from the
aligned orientation. When the swimming path
becomes sufficiently inclined to the light direc-
tion, the light intensity seen by the antenna
becomes periodic. This results from the varia-
tion in angle between the antenna and the light
direction that occurs during the rotation cycle.
The cell processes this periodic signal to deter-
mine when to make a corrective response that
will realign the path to the light. The response
of the flagella, by changing the orientation of
the cell, changes the shape of the signal during
the next scan cycle. The sequence of events thus
forms a closed loop, the tracking servo loop
diagrammed in Fig. 3.
We thus see that rotation of the cell gives a

temporal pattern to the light intensity sensed by
the antenna (see Signal Production). The fact

Environmental
Light Pattern

\; 11~iFlagella

70(

Antenna
b. \direction
FIG. 2. Design principles of phototaxis in Chla-

mydomonas. (a) Side view of cell; (b) end view. The
incident light pattern is indicated by solid arrows.
The eyespot, which lies inside the chloroplast (dashed
line), forms part of the antenna. Rotation of the cell
causes the antenna to scan the incident light. This
produces a signal that controls the flagellar beat (see
Fig. 3). The antenna direction (open arrow) is normal
to the cell surface. The antenna is most sensitive to
light coming from this direction. Successive positions
of the flagella during the power stroke are shown.
FlageUar motion causes the cell to translate with the
flagellar end forward and to rotate in the left-hand
sense.

that the cell receives a patterned signal is central
to phototaxis. The pattern is used in at least
three important ways: for the infornation it
contains about orientation, for noise suppres-
sion, and for extension of the effective intensity
range. We describe each of these uses briefly

MICROBIOL. REV.



ALGAL PHOTOTAXIS 577

Intensity at cell

Antenna signal

I rce> r v \1
Processed signal

FIG. 3. Control loop for phototaxis showing environmental stimulus and the signal at two stages of
processing. The signal intensity (ordinate) during two rotations of the antenna is plotted against time
(abscissa). The signal drifts because of noise, but the processed signal has two well-defined maxima phased
with the rotation of the cell. Signals were computer simulated without attempting realistic noise simulation.

here, and analyze them in detail when we discuss
antenna function (see Signal Processing).

All tracking devices work by processing some
form of error signal that is generated when the
tracker drifts offtarget. To be useful for tracking,
the error signal must contain information about
the direction of deviation from the target. The
quality of tracking can be improved if the error
signal also contains information about the mag-
nitude of the deviation. Probably the most fa-
miliar kind of tracker is a man-made one in
which an array of sensors points toward the
source being tracked. Each sensor points in a
slightly different direction. When the tracker
drifts off target, the pattern of stimulation of the
sensors changes; the signal processor then ana-
lyzes the pattern of change and figures out in
what direction and how fast it must move the
tracker to return it to the target. Unicellular
algae have only one sensor (see Antenna Struc-
tures). In a single-sensor tracker it would be
useless to point the sensor at the target, because
then the signal change produced upon deviation
would contain no directional information. In-
stead, the sensor must point off to the side of
the target, and its direction must be varied sys-
tematically to produce a periodic signal. The
phase of the signal contains information about
the error direction, and its amplitude contains
information about the error magnitude. The er-
ror information can be used by the cell if the cell
makes a fixed response that is phased with the
error signal and proportional in magnitude to its
amplitude.
For the rotation of the cell to produce a use-

fully patterned temporal signal at the sensor, the
antenna must be directional. By this we mean
that the intensity sensed by the antenna must
vary with the angle of incidence of the light
reaching the antenna. Merely having a small

sensor asymmetrically located in the cell pro-
duces some directionality. Increased direction-
ality is achieved by specialized antenna struc-
tures which employ a variety of optical princi-
ples (see Antenna Structures). This increases
the amplitude of the signal with concomitant
improvement in tracking.
What pattern of directionality in the antenna

produces the maximum amplitude of signal?
Qualitatively, we can see that a narrow direc-
tionality would make it difficult for the antenna
to track a broad source, because the antenna
would wander around on the source without
detecting much change in intensity. By the same
reasoning, a wide antenna would be poor for
tracking a point source. The optimum design is
to match the directionality of the antenna to the
distribution of the light it tracks. For the ideal
tracker, in other words, a plot of the relative
sensitivity of the antenna in all directions would
be congruent with a plot of the light intensity in
all directions. We would predict, therefore, a
rough match between the directionality of the
antenna and the light distribution that it is most
advantageous for the organism to detect (see
Signal Production).
The second use that the cell makes of the

temporal pattern of stimulation is noise suppres-
sion. Finding an appropriate signal in the midst
of noise is never a trivial task. The problem is
simplified when the detector can take advantage
of some known characteristic of the signal. A
familiar example is AM radio, in which the re-
ceiver can be tuned to the frequency of the
transmitting station. Even if the signal does not
already have a useful characteristic to aid detec-
tion when it arrives, such a characteristic can
sometimes be imparted to it before it reaches
the sensor. This is the scheme employed by
phototactic algae. They use their own rotation
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to give the light received by the sensor a known
temporal pattern that can be matched with a
signal processor (see Signal Production).
When considering noise, it is convenient to

think of the input stimulus in a way that a signal
is commonly analyzed in electronics, namely, as
the sum of a series of sine waves of different
frequencies. The amplitudes of the sine waves
are different at different frequencies and, taken
together, determine the form of the input stim-
ulus. From this point of view we can say that
cell rotation greatly enriches the sensed light
intensity for certain frequencies. The signal
processor then acts as a band-pass filter to select
those frequencies and suppress others.
The filter used by the signal processor is more

than just a band-pass filter. We show later that
its precise form can be found experimentally by
measuring the impulse response, the time course
of response after a pulse stimulus (see Signal
Processing). The filter performs two functions:
(i) signal matching and (ii) differentiation.
By signal matching, we mean that the detector

is especially sensitive to a particular shape of
input signal, not merely to a particular frequency
range. One expects a rough match between the
processing filter and some stimulus pattern that
can be produced by the rotation of the cell and
by the directional properties of the antenna.

Differentiation is important in suppressing
low-frequency noise. Low-frequency noise is
troublesome because it represents a shifting base
line upon which the signal is superimposed and
renders absolute measurements meaningless.
The rate of change of the signal (the derivative)
is highly insensitive to this form of noise. Many
biological sensors therefore measure the deriva-
tive rather than the absolute level of the signal.
Some well-studied examples are bacterial che-
motaxis (30), the light-growth response of Phy-
comyces (82, 150), the electroreceptors of the
ampullae of Lorenzini in dogfish (192), some
mechanoreceptors in skin (33), and carotid bar-
oreceptors (204). In algae, the antenna signal is
also processed to detect the rate of change of the
signal.

In receptors, high-frequency noise (frequen-
cies above the band-pass region) is suppressed
by averaging the input stimulus over a time
longer than the period of the high-frequency
noise. In other words, the signal is integrated
over the memory time of the receptor. Applied
to algae, this means that the response at any
time is determined by information collected
throughout the rotation cycle. This suppresses
noise, but creates a delay in the response that
must be compensated for in the design (see
Signal Processing). (The input signal possesses
one high-frequency component with known

characteristics, namely, the signal caused by the
flagellar beat. Later we discuss how this might
be used in signal detection [see Signal Process-
ing].)
We can ask why evolution has selected the

particular rotation frequencies observed. They
probably represent, at least partly, a compro-
mise with the frequency spectrum of the noise.
The longer the rotation time, the more accu-
rately the signal can be known. A limit to the
length of the rotation period is set by low-fre-
quency noise, in particular noise caused by ex-
ternal fluctuation in light intensity and rota-
tional diffusion. Rotational diffusion eventually
renders old information invalid. We suspect that
noise from these souces rises at frequencies
lower than the observed rotation frequency, and
that the rotation frequency has been set close to
the lowest frequency where phototaxis is possi-
ble.
The scheme of signal modulation and process-

ing described so far is precisely that which has
been demonstrated in the phototropic response
of the fungus Phycomyces (50, 82), although the
time scale for algal phototaxis is shorter by a
factor of 103.
The third use mentioned above for a pat-

terned signal is range extension. We have seen
that the processor acts as a differentiator. Be-
sides suppressing low-frequency noise, differen-
tiation also makes the processed signal relatively
independent of the average intensity of the in-
cident light. The intensity range for algal pho-
totaxis is best documented for Chlamydomonas
(76, 201), which is phototactic over a 104 range
of intensity extending from 1011 to 10'5 quanta
cm-2 s-I at 500 nm.
This operating range must match the range

relevant to the survival of the organism in its
natural environment. Its lower limit is set by
several factors, including the directionality of
the antenna and the length of time the processor
integrates the signal (see Threshold). Because
the variation in these parameters is limited,
threshold is primarily determined by the total
amount of effective receptor pigment. This fol-
lows from the fact that the probability of photon
capture is directly proportional to the amount of
receptor pigment in the cell: the more pigment,
the greater the possible operating range. Be-
cause of the quantal nature of photons, this
lower limit is absolute and cannot be lowered by
any amount of processing or amplification. In
principle, a photoreceptor could operate up to
very high light intensities, but usually it is ad-
vantageous to sacrifice performance at high in-
tensity for optimum performance at some inter-
mediate intensity.

Phototaxis also requires that the spectral sen-
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sitivity match the color of light the cell can most
advantageously use to control its response (see
Action Spectra). Both the photoreceptor pig-
ment and the antenna structures that interact
with the light must be effective in the same
spectral range. Furthermore, the choice (as with
photosynthetic pigments) is limited to visible
light, the only light appreciably transmitted by
water. The photosynthetic pigments, which ac-
count for most of the absorption of photosyn-
thetic cells, absorb strongly in the blue and red
ranges; there is a range of intermediate wave-
lengths where their absorption is weaker. In
many phototactic algae, at least part of the
phototactic range lies at these intermediate
wavelengths. This allows the algae to respond to
light even when shaded by overlying photosyn-
thetic organisms.

Finally, the problem ofrapid and faithful com-
munication of the signal from the antenna to the
flagellum is critical. If the receptor were to cover
a large portion of the body, then the signal could
be spread out in time due to different delays
from different parts of the receptor. Such tem-
poral spreading would decrease the directional-
ity of the antenna. The solution to this problem
is a small antenna and extremely rapid commu-
nication, less than 20 ms in Chlamydomonas
(see Response). For such rapid communication,
large distances must be covered electrically; dif-
fusion can be used only for short distances or
where poor performance is tolerated. We discuss
below various ways that algae have found to
meet this problem (see Antenna Structures, Re-
sponse).
At the beginning of this introduction we posed

the question of how a microorganism solves the
formidable problem of detecting light direction.
We note that it requires a series of matches
between the organism and its environment. The
directionality ofthe antenna matches the spatial
light distribution. The rotation frequency of the
organism matches a frequency at which the ratio
of signal to noise is optimum. The temporal filter
of the signal processor matches the temporal
variation of the scanning signal. The functional
range of the detector matches the range of inci-
dent light intensity. The spectral sensitivity of
the antenna matches the color of incident light
most useful for controlling behavior. The an-
tenna must be integrated with the response
mechanism of the cell for rapid communication
of the signal and proper phasing of the response.
Much of the fascination of phototaxis consists of
trying to unravel this complex interplay between
the organism and its surroundings.
We discuss colonial algae below (see Antenna

Function). Note, however, that instead of a sin-
gle antenna, colonial algae have an antenna ar-

ray. The function of the array can be interpreted
from an understanding of antenna function in
unicellular forms.
We do not discuss one of the most fundamen-

tal aspects of phototaxis, namely, the factors
that determine whether a cell goes toward the
light or away from it. We do not know what
design features favor positive or negative pho-
totaxis or how the individual organism regulates
which way it goes. We assume that in some way
this has already been detennined, and we ana-
lyze the tracking technique used. The tracking
principle is the same for either positive or neg-
ative phototaxis.

Finally, we do not consider in detail what the
flagellum does when it responds to light or how
its response affects the motion of the cell. For a
comprehensive review of these subjects, see
Jahn and Bovee (126-128). Alteration of flagel-
lar shape by light and its effect on the direction
of flagellar response have been described by,
among others, Metzner (185), Hand and Schmidt
(105), and Diehn et al. (55). Throughout our
discussion, we assume that the direction of re-
sponse is fixed with respect to the cell, and that
the timing of the response is critical for tracking.
This introductory discussion of phototaxis has

introduced several principles that may be unfa-
miliar. They should become clearer as we discuss
available information on ultrastructure, behav-
ior, and function.

ANTENNA STRUCTURES
In this section we examine the ultrastructure

of the antennas of different algae to determine
the distribution of light within the structures. In
particular we consider how the light distribution
varies with the orientation of the cell relative to
the light direction. If we know the location of
the photoreceptor, we can then ask what the
directional sensitivity of the antennas is. In
keeping with antenna terminology (41), we use
directivity as a measure ofthe relative sensitivity
of the antenna in a particular direction. For a
strict definition of directivity, imagine that a test
beam of parallel light is shone at the antenna
from a particular direction, and that the inten-
sity received by the sensor of the antenna is
measured. The directivity is this intensity di-
vided by an isotropic reference, namely, the
average intensity received by the sensor when
the test beam is moved through all angles of
incidence. The directivity is proportional to the
ratio of incident to received light intensity in a
particular direction. If the antenna had no direc-
tional sensitivity, the directivity would be 1.0 in
all directions. Normally it is greater than 1.0 in
some directions and less than 1.0 in others. For
brevity, we say that the direction of the antenna
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is the direction of maximum directivity. We fre-
quently use the word directivity simply to refer
to the directional properties of the antenna. The
antenna ultrastructures we discuss are speciali-
zations that achieve a pattern of directivity suit-
able for phototaxis.

All algal antennas are designed to see primar-
ily in the forward direction. For the most part,
their field of view is limited to light beams
coming from the front of the antenna. In this
respect they are analogous to man-made aper-
ture antennas, and it will be useful in discussing
algal antennas to define their effective aperture
as the size of the detector normal to the direction
of the antenna. It is also useful to define a
measure of the angular acceptance of light, the
half-beam width. This is the angle between half-
intensity points in the main lobe of directivity
(angle a in Fig. 9a). All algal antennas are also
analogous to so-called screen-reflector antennas,
which have an absorbing and reflecting screen
behind the sensing element. To evaluate the
effectiveness of this screen, we have introduced
a measure of the front-to-back contrast, some-
times called the modulation or contrast function,
defined as

m = (Ifront -Iback)/ (Ifront + Iback) (1)
Values ofm range from 0 for no contrast to 1 for
complete contrast. In our case, Ifront is the direc-
tivity in the antenna direction, and Iback is the
directivity in the opposite direction. The con-
trast function has been a useful measure in sen-
sory systems and elsewhere (37, 132).
We have said that algal antennas are the same

order of size as the wavelength of the light they
receive. As is well known, the approximations of
geometric optics are strictly valid only for ob-
jects that are large relative to the wavelength of
light, but this should not discourage the reader
from thinking about algal antennas in terms of
more familiar optical devices. Even at sizes be-
low about five wavelengths across, for which
geometric optics is no longer quantitatively ac-
curate, it gives a qualitative picture that is useful
and not grossly misleading (121).
With this general picture of an antenna in

mind, we present the different optical principles
that apply to understanding algal antennas be-
fore we introduce the complicated structures
themselves.

Optical Principles
All the optical effects we discuss depend on

the interaction of light with matter. Popular
accounts are given by Weisskopf (246) and some
optical texts (56, 108, 130). Light is an electro-
magnetic wave, meaning that it has an electric
component that exerts a force on any charged

particle and a magnetic component that exerts
a force proportional to the velocity of the
charged particle. However, when light passes
through matter, the only effects we need con-
sider are the electric forces on electrons. Light
exerts a periodic force on the electrons of every
molecule in its path, setting the electrons into
oscillation at a frequency equal to that of the
light. If this frequency is the natural oscillating
frequency of the electrons, a photon of light may
be absorbed. Otherwise, the oscillating charges
cause light to be emitted in all directions from
the molecule. This shows the net velocity of the
light wave such that the velocity of propagation
v is

v = c/n (2)
where c is the velocity of light in a vacuum, and
n is defined as the refractive index of the mate-
rial.

In molecules in which the electrons have been
raised to a higher energy level by absorption of
a photon, the light intensity diminishes during
passage through the material. The two effects,
reduction in velocity and attenuation of inten-
sity, are described quantitatively by the complex
refractive index

n = n - ki (3)
where the real and imaginary indices n and k are
both real numbers and i = ~,Pi.
At the interface between two media of differ-

ent composition light is both refracted and re-
flected. The amounts are a function of n, k, and
the angle of incidence. This is important in pho-
totaxis, and much of algal ultrastructure can be
understood as ingenious manipulations of inter-
faces to achieve desirable light distributions.
One fallacy that has caused unnecessary con-

fusion should be disposed of at the outset. It
might be argued that achievement of directivity
in a light antenna is a trivial task. The argument
is as follows. Imagine a thin flat membrane of
area A cm2 containing pigment molecules ori-
ented at random. If light of intensity I photons
cm-2 s-1 is shone on the membrane at normal
incidence, IA photons will pass through the
membrane per second. If the membrane is tilted,
the quantum flux becomes IA * cosG photons per
second, where 6 is the angle of incidence. Tilting
the membrane reduces the number of photons
passing through it. From this, one might con-
clude that the number of photons absorbed by
the pigment molecules will also change. This is
false. The absorption does not change, because
the probability that a molecule will absorb a
photon depends only on the intensity of light
striking each molecule and the average absorp-
tion cross section of each molecule. Neither
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quantity changes with angle of incidence pro-
vided that the number of photons absorbed is
small, in other words, that the pigment mole-
cules do not screen each other. Directivity can-
not be achieved merely by putting pigment mol-
ecules in a layer. The optical principles discussed
below are necessary.
Absorption. Most phototactic algae are also

photosynthetic and have a high concentration of
photosynthetic pigments. In addition, most have
a deeply pigmented organelle, the eyespot. Ab-
sorption by the eyespot pigments is an impor-
tant, but by no means the only, contribution of
the eyespot to antenna directivity. For a purely
absorbing screen, Iback = Ifront x T, where T is
the fraction transmitted, so that the contrast
function

number, we have a = 103 lnlO.E/Na = 3.82 x
10-21E.

In calculations involving Maxwell's equations,
which describe electromagnetic waves, the com-
plex refractive index (equation 3) is more con-
venient. For k, the complex term describing ab-
sorption, we have

k = aX/4T (7)
where A is the wavelength of light in vacuum (in
centimeters).
Scattering. All cells are optically inhomoge-

neous and therefore scatter light. Scattering is
certain to be a major factor affecting directivity,
though the effect of scattering has often been
neglected in discussions of phototaxis. For scat-
tering we have the contrast function

m = (1 - T)/(1 + T) (4)
Absorption of light by a pigmented structure is
always accompanied by a certain amount of
reflection.

Absorption can be described in several differ-
ent ways, the most useful description depending
on the application. We summarize four descrip-
tions that we will use later.
Lambert's law states that equal paths in the

same absorbing medium absorb equal fractions
of the light that enters them. From this it follows
that

T = eaex (5)

where a is the absorption or attenuation coeffi-
cient (per centimeter), and x is the distance
through an absorbing layer (in centimeters).
For a solution of an absorbing substance,

Beer's law states that absorption is directly pro-
portional to the concentration. To the extent
that this is true we have, as typically written,

T= 10-ECX (6)

where E is the molar extinction coefficient (in
liters per mole per centimeter), and c is the
concentration of the absorbing compound (in
moles per liter). It follows that a = lnlO.Ec.
For our purposes, the most useful measure of

absorption is usually the absorption cross section
a (square centimeters). a may be assumed to be
the area associated with each absorbing mole-
cule, such that if a photon hits the area it will be
absorbed, otherwise it will pass through. Stated
differently, a is the probability that one pigment
molecule in a thin layer with area 1 cm2 will be
excited by one photon passing through the layer
(for example, see Clayton [40] or Blanchard et
al. [21]). The absorption coefficient is a = Nra,
where Nt, (per cubic centimeter) is the number
of pigment molecules per unit volume. Because
N} = Nac/103 cm-3, where Na is Avogadro's

m= (1+S- T)/(1+S+ T) (8)
where S is the fraction back-scattered, and T is
the fraction transmitted. Scattering may also
decrease local contrast (as it does in Phyco-
myces) by lighting otherwise dark areas of the
cell.
Refraction. It is not known in most instances

whether refraction is significantly involved in
producing directivity. Cells and colonies of cells
are large enough to act as lenses. It is doubtful
that the difference in refractive index between
the cells and the surrounding water is great
enough to cause appreciable focusing at the far
side of the cell. Around the equator of the cell or
colony a ring of decreased intensity is produced
that might have a significant effect. The ocelli
of the large Warnowiacean dinoflagellates (96),
shown in Fig. lld, have a lens that does refract
the light sufficiently to make the ocellus a direc-
tional receptor (84).
Reflection and interference. The reflectiv-

ity or reflectance (ratio of reflected energy to
incident energy) when light passes from a trans-
parent medium to an absorbing medium at nor-
mal incidence is

R = [(n -n2)2 + k22]/[(n1 + n2)2 + k22] (9)
where ni is the refractive index of the transpar-
ent medium, and n2 and k2 are the coefficients of
the complex refractive index (equation 3) of the
absorbing medium. The corresponding equation
for light passing from an absorbing to a trans-
parent medium is

R = [(n,2 + k22- nln2)2 +(n2ki)j/
[(ni2 + k12 + nln2)2 + (n2kA)1

(10)

For reflection without interference, the contrast
function is

m = (1 + R-T)/(1 + R + T) (11)
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where R is the fraction reflected, and T is the
fraction transmitted.
Wherever the refractive index changes in the

path of a light beam, a portion of the light is
reflected. Light is an electromagnetic wave.
When two waves are present simultaneously,
superposition holds, and the resulting amplitude
is the sum of the two wave amplitudes. When
the crests of two waves coincide, the waves are
in phase, and constructive interference occurs.
When the two waves are out of phase, they
partially cancel each other, the crest of one
adding to the trough of the other. It is possible
to make structures in which all reflected waves
are in phase with the incident wave (Fig. 4b).
These devices, known as interference reflectors,
have a stack of alternating thin layers of high
and low refractive index. We summarize below
evidence that layered eyespots in algae are in-
terference reflectors and function as part of the
antennas.

In an interference reflector, the greater the
difference in refractive index between the layers,
the greater the reflection. Absorption in the
layers may increase reflection, increase path
length, and reduce transmitted light. The
amount of reflected light depends on the thick-
ness and refractive index of the layers, the ab-
sorption, the angle of incidence, and the wave-
length of the light. The complete solution for
reflection from a stack of thin layers is a com-
puter problem or a problem for microwave mod-
eling. The optics, assuming parallel layers of
infinite extent, is treated by Abeles (1, 2) and
Berming (18). A more general treatment is given
by Holt for antennas of finite extent (121), by
Marcuse for dielectric wave guides (169), and by
Wait for curved layers (241).
To understand the principle of an interference

reflector, it is helpful to consider two waves of
the same amplitude, Eo, but going in opposite
directions. Algebraically, the field going to the
right is

Er = Eosin(kx - wt) (12)

where k is the propagation number (2X/X), x is
the distance, kx is in radians, and w is the fre-
quency (per second). The field is

El = Eosin(kx + wt) (13)

Noting that sina + sin,8 = 2sin (a + /3)!
2cos(a - 8)/2, we have for the total field

E = Er + El = 2Eosin(kx)cos(wt) (14)

This is a standing wave. Suppose the reflected
wave results from perfect reflection from a me-
tallic mirror, as diagrammed in Fig. 4a. The
boundary conditions require that at the mirror

a)

x
o
cr
crIE

b)

t t t t t t
L H LH L

FIG. 4. Reflection. (a) Perfect mirror. Plot of inci-
dent wave, Ei, coming from the left, reflected wave,
Er, going to the left, and the sum E = Ei + Er. The
summed wave is a standing wave; the dashed lines
show its extrema. (b) Interference reflector. Plot of a
segment of a wave one wavelength long at seven
successive instants of time. During the time interval
between plots the wave advances half a wavelength.
The wave is incident on a stack of transparent alter-
nating high (H)- and low (L)-refractive index layers
which are one-quarter of a wavelength thick. The
first reflectionsproduced by the wave segment at each
of the four interfaces are shown. The front of each
wave is indicated by an arrow. Vertical arrows in-
dicate the zones ofmaximum intensity (electric energy
density).
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surface the total field, E, equals zero. If we set
x = 0 at the surface, again equation 14 holds. E
= 0 not only at x = 0, but also at X/2, A, etc., and
E oscillates between 2Eo and -2Eo at x = X/4,
3X/4, etc.
Now consider light of wavelength A normally

incident on a transparent quarter-wave stack
(Fig. 4b). Here the optical distance (thickness
times refractive index) of each layer is A/4. Light
reflected at the low- to high-refractive-index in-
terface changes phase by 7T radians; light re-
flected at the high- to low-refractive-index inter-
face does not change phase. In Fig. 4b we have
plotted a hypothetical piece of wave one wave-
length long at successive times (the time re-
quired to advance half a wavelength). All the
initial reflections are indicated. Note that con-
structive interference occurs throughout the
structure, forming a partially standing wave to
which every reflection contributes. For odd-
numbered stacks, the relevant case for our pur-
poses, the reflectivity (25) is

R2N+1= [1 - (n2/ln)(n2/nl)(n2/n3)2N]/[l (15)

+ (n2/ln) (n2/ln) (n2/3) 1]} 2

where 17 is the number of low-refractive-index
layers, T + 1 is the number of high-refractive-
index layers, nli is the refractive index outside
the stack toward the light, n2 is the high refrac-
tive index, n3 is the low refractive index, and nli
is the refractive index outside the stack away
from the light. The range of wavelengths in
which reflection occurs depends primarily on the
ratio n3/n2 and on the number of layers. In the
structures relevant to phototaxis n3/n2 is around
0.9. For a large number of layers, the half band
width is

from interference alone, i.e., between the surface
and the quarter-wave position, is

m=21R/(l+R) (21)

However, this amount of contrast is not avail-
able to algal antennas because the receptor mea-
sures intensity at only one location. If this lo-
cation is a quarter-wave in front of the stack,
the intensity of light coming from in front
is Imax as above, but the intensity of light com-
ing from the opposite direction is I - RI =
I(1+VR-) (1- sIR),so that

m = I (22)

It is apparent that the contrast is significant
even for small R.
Wave guide optics. A dielectric wave guide

(Fig. 5) is an optical device that uses refraction
and reflection to confine and guide light within
a particular structure (169). Many animal pho-
toreceptor organelles use wave guides to increase
the efficiency and directivity of reception. For
example, the rod cells which contain photore-
ceptor pigment are long narrow cylinders which
are made to point toward the light (67). The
diameter of these cylinders is comparable to the
receptive wave-length, and their refractive index
is greater than that of their surroundings (230).
In some algae, the same principle is used, but
the geometry is different. The photoreceptor
pigment is located in high-refractive-index slabs
sandwiched between layers of lower refractive
index. In both kinds of receptor, the cylinders or
slabs act as wave guides, so that a ray of light
incident within a certain angle at the end will be
totally internally reflected, increasing the path

AX. = Ao2A&g/[1 _ (Ag)2] (16)

where

Ag = (2/bi)sin-1[(n2- n3)/(n2 + n3)] (17)

and AN is the center wavelength (156). For
smaller N we may use the empirical formula

AAN+1 = AAX + Ao(N + 1)127 (18)

where N 2 1.
Interference between the incident and re-

flected waves produces a standing wave with
miniimum intensity at the surface of the stack
and maximum intensity a quarter of a wave-
length out. The intensities are

ImaX = I(1 + /IR)2 (19)

I=I(1-R2 (20)
where I is the incident intensity and R is the
reflectivity. The maximum contrast available

H

L

FIG. 5. Slab wave guide. This optical device con-
sists of a sandwich of alternating high (H)- and low
(L)-refractive-index layers, not typically one-quarter
of a wavelength thick. Three rays are drawn to indi-
cate the effect. Ray A passes through without getting
trapped in layers. Ray B is completely captured in a

layer. Ray C is partially trapped in a layer.
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length of the light through the receptor pigment
and increasing the probability of receptor exci-
tation. These wave guides also have the advan-
tage that a significant portion of the light falling
very near but outside the photoreceptor struc-
ture is captured within it. This increases the
amount of light within the photoreceptor. The
presence of nonabsorbing slabs allows the light
to spread out more uniformly through the depth
of the structure. The latter effect is significant
because the more uniformly a given amount of
light is distributed through a receptor, the lower
the proportion of inactive to active pigment.
Directivity is achieved in the algal structure
because light incident end on to the slabs is more
strongly absorbed than light entering at higher
angles of incidence. A wave guide by itself would
be a bipolar antenna. We will see that the uni-
polarity required for phototaxis is achieved by
screening one end of the wave guide.
Dichroism. The preceding mechanisms pro-

duce directivity by influencing the amount of
light reaching the photoreceptor. Dichroism, on
the other hand, causes the fraction of the light
absorbed once it reaches the photoreceptor to
vary with light direction. This occurs because
receptor molecules in dichroic receptors are or-
ientated and consequently have a preferred di-
rection for light absorption. Preferential absorp-
tion occurs in both polarized and unpolarized
light, but the absorption differences are greater
in polarized light.

Absorption by a molecule is proportional to
cos26, where 6 is the angle between the electronic
transition moment of the molecule and the elec-
tric vector of the light (for example, see Dartnall
[48]). In effect, dichroism changes the absorp-
tion cross section of the receptor molecule,
which is a for unoriented molecules. In unpolar-
ized light, the theoretical maximum for absorp-
tion is 1.5a, and the theoretical minimum is zero,
depending on the orientation of the molecule to
the light. In polarized light, the theoretical max-
imum is 3a, and the theoretical miniimum is zero.

Dichroism based on a three-dimensional crys-
talline array of receptor molecules occurs in
Euglena (see Polarized Light).
Dichroism also occurs in the rhodopsin mem-

branes ofvertebrate photoreceptors and contrib-
utes significantly to their absorption. In these
membranes, the transition moments of the rho-
dopsin molecules lie approximately parallel to
the plane of the membrane and are randomly
oriented within the plane (48).

It is probable that some algae have rhodopsin
photoreceptors. By analogy with vertebrate re-
ceptors, we can estimate the magnitude of the
dichroic effect in such receptors. In unpolarized
light, the receptor molecules should have an

absorption cross section of about 1.5a for a ray
of light normal to the membrane and 0.75a for
one parallel to the membrane. In polarized light
at normal incidence, the absorption cross section
should be 1.5a, whatever the orientation of the
plane of polarization. In polarized light rays in-
cident parallel to the membrane, the cross sec-
tion should be 1.5a when the plane of polariza-
tion is parallel to the membrane and zero when
it is perpendicular. The directional properties of
such a membrane in unpolarized light are shown
in Fig. 9a.

Tracking Antenna Designs
In this section we discuss organisms for which

electron microscopic or behavioral studies are
available to illustrate antenna theory. We have
not attempted to include all the algae that have
antennas or all the kinds of antennas that algae
have. Besides the groups that lack flagellated
forms, we omit the Bacillariophyceae and Chlo-
romonadophyceae because we lack information
about their antennas and in most cases do not
even know whether they are phototactic. We
recognize that much information on phototaxis
in diverse algae exists in papers on natural his-
tory and taxonomy and in other papers not
specifically concerned with phototaxis. We
would welcome identification of more of these
references.
Chlorophyceae: multilayer quarter-wave

stack antennas. The most common form of
eyespot in green algae is a single layer of pig-
mented granules, but the eyespots ofmany green
algae consist of stacked layers of pigmented
granules. In these eyespots two layers are most
common, but some algae have as many as nine.
The spacing of the layers suggests that they act
as quarter-wave reflectors, and observation
shows that multilayered eyespots are indeed
strongly reflective. Quarter-wave reflection is a
principle widely used in nature to produce either
reflection or color (139, 140, 187). Well-known
examples are the tapeta of the eyes of nocturnal
and marine animals, the silvery scales of fish,
and the structural colors (not the pigment
colors) of bird feathers, butterfly wings, and
insect cuticle. In these cases the reflected light
is sensed at a distance. We will show that the
algae probably use quarter-wave reflection for a
different purpose, namely, to produce a direc-
tional antenna with its receptor located at one
of the interference surfaces.
Eyespot reflection has a curious history. Over

a period of thirty years, Mast described the
phenomenon and emphasized its importance in
phototaxis. In 1911 he wrote of Pandorina and
Eudorina, "In direct sunlight they become lu-
minous, giving off a greenish blue light, and as
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the colonies rotate they sparkle and glitter, pre-
senting a wonderfully beautiful spectacle" (172).
He soon abandoned the notion that the cells are
self-luminous and in 1927 stated the following
facts about eyespot reflection (175). (i) The phe-
nomenon is not visible when the organism is
viewed through a transmission light microscope
because reflected light does not reach the eye.
(ii) The more anterior eyespots of colonial algae
reflect more light than the more posterior ones.
We now know from electron microscopy that the
anterior eyespots have more layers than those
farther back (118, 141). (iii) The eyespots of
euglenoid algae are not reflective. Electron mi-
croscopy shows that these structures are not
layered, but contain irregularly spaced pigment
granules of different sizes (243). (iv) The integ-
rity of eyespot structure is essential. In disinte-
grating cells, Mast observed that reflection dis-
appeared before other signs of alteration became
visible. (v) The amount of reflected light varies
with the angle of incidence. (vi) Probably related
to this, in colonial algae only part of the colony
is seen to reflect light at any particular instant.
(vii) Only blue or green light is reflected. The
foregoing observations, fundamental to photo-
taxis, have been largely ignored. There are prob-
ably two reasons. In the first place, microscopic
algae are usually viewed by transmitted light.
With epi-illumination, eyespot reflection in
Chlamydomonas and Volvox is impressive (Fig.
6). The second reason is that Mast's physical
interpretation seemed implausible. He believed
that focusing by a lens was necessary to account
for the reflection. No lens has been observed by
electron microscopy, nor is it required to inter-
pret any of Mast's observations on phototaxis.
The foregoing observations are all consistent

with reflection from an interference reflector. In
reflecting eyespots, layers of pigmented globules
alternate with unpigmented layers. Within the
layers the pigmented globules are arranged in a
hexagonal array 75 to 100 nm center to center
(29, 193). Absorption in the pigmented layer may
increase the reflection of that layer. How closely
does the eyespot resemble a quarter-wave stack,
and how much reflection would we predict? We
have estimated some of the parameters from an
electron micrograph kindly made available to us
by Andrew Staehelin (Fig. 7). The photograph
shows a thin section, prepared by a method that
gives excellent preservation of structure (148),
through a Chlamydomonas eyespot. The eye-
spot contains four layers of pigmented droplets.
The unpigmented layers average 77.7 nm in
thickness; the pigmented layers average 69.0 nm.
A double membrane (average thickness, 15.4
nm) lies at the inner surface of each pigmented
layer. To calculate the reflectivity, we must es-

FIG. 6. Photograph of light reflected from the an-
terior surface of a colony of Volvox carteri f. weis-
mannia taken with an epi-illuminated microscope.
The bright spots (about 2.5 ,um across) are reflections
from the eyespots. Each cell is visible by chloroplast
fluorescence. (Photo by K. Foster and R. Birchem.)

timate the refractive indexes of the layers and
the absorption of the pigmented layer. We as-
sume that the refractive index of the unpig-
mented layer is 1.35, slightly greater than the
refractive index of water. We assume that the
refractive indexes of the pigmented layer, which
consists mostly of f8-carotene (202), and of the
membranes are both 1.5. (The refractive index
of oil droplets from natural sources varies be-
tween about 1.45 and 1.52. We chose 1.50, toward
the high end, on the supposition that a high
refractive index would be advantageous to the
algae and therefore selected.) We assume that
10% of the total carotenoid of the cell (201) is in
the pigmented layers, giving a concentration of
0.14 M. (This gives k = 0.05 at 450 nm.) The
path length in the low-refractive layer is 1.35 x
77.7 nm, one-fourth of 420 nm; the path length
in the high-refractive layer, neglecting absorp-
tion, is 1.5 x 84.4 nm, one-fourth of 506 nm.
Because the eyespot is not exactly a quarter-
wave stack and has absorbing layers, we made
a computer calculation (based on Maxwell's
equations) of the reflectivity at normal incidence
as a function of wavelength by using the com-
putational method of Berning (18). This gave
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0.2 Fm
FIG. 7. Section through the eyespot of the chloro-

phycean Chlamydomonas reinhardtii showing the
four layers of pigment globules making up the eye-
spot; each layer is covered on its inner face by a
thylakoid double membrane. Abbreviations: cm, cell
membrane; c, chloroplast. (Electron micrograph by
L. Andrew Staehelin using a spray freezing technique
[148].)

maximum reflectivity of 0.14 at 450 nm and a

band width at half maximum of 113 nm. The
result is rather insensitive to the amount of
absorption assumed. We conclude, therefore,
that the observed reflection can be explained on
the basis of interference reflection from the eye-

spot layers. When the values 1.5 and 1.35 for
refractive index are substituted into equation 15
with N = 3 for an exact quarter-wave stack, we
obtain 0.16 for the reflectivity; from equation 18
we obtain a half band width of 108 nm. The
reflective properties are very close to those of a
quarter-wave stack.

Most published electron micrographs do not
permit accurate measurement of the thickness
of single layers, but many permit measurement
of the combined thickness of one pigmented
layer plus one unpigmented layer. By measuring
transverse sections in published photographs of
Chiamydomonas reinhardtii (98, 203, 220), Vol-
vulinapringsheimii (141), Platydorina caudata
(141), Volvox aureus (63), Pteromonas tenuis
(11), Volvox tertius (213), Pyramimonas mon-
tana (157), and Eudorina illinoiensis (118), we
obtained values for the double thickness almost
exclusively in the range 160 to 180 nm. Part of
the variation probably is caused by deviation
from the normal of the plane of section, and part
is caused by different amounts of shrinkage and
swelling during preparation. It seems probable
that these eyespots are all designed as quarter-
wave stacks with reflecting properties similar to
those of Chlamydomonas.

Reflection might appear to be an effective
method of making a directional antenna. In
green algae the eyespots are asymmetrically
placed, lying in the chloroplast near one surface
of the cell. If we assume that the photoreceptor
pigment is located between the eyespot and the
adjacent cell surface, then light shining on this
surface would produce an intensity at the recep-
tor equal to the sum of the incident and reflected
intensities. On the other hand, light shining from
the opposite side would be attenuated by ab-
sorption within the cell, absorption within the
eyespot, and reflection from the eyespot. This
scheme clearly would modulate the light to pro-
duce a directional antenna. In fact, it constitutes
the essential part of Mast's theory. Equation 11,
however, shows that the amount of modulation
achievable in this way is modest. Approximately
the same degree of directivity could be obtained
by putting pigment in the unpigmented layers
and not using reflection at all. Consideration of
only the total reflection gives a misleading idea
of the light intensity close to the eyespot, where
the receptor pigment presumably is located.
Within the eyespot and near its surface, inter-
ference occurs between the incident and re-
flected waves. The pattern of interference is
shown in Fig. 8, calculated for light of 480 nm on
the basis of the assumptions used above to cal-
culate the reflectivity. Light striking the outer
surface of the eyespot (Fig. 8a) produces a series
of intensity maxima, one approximately a quar-
ter wavelength out from the eyespot and one at
the inner surface of each of the pigmented layers.
Light striking the eyespot from the opposite side
(Fig. 8b) produces a series of miniima at the same
positions within the eyespot, thereby producing
maximum contrast at these locations. It is pos-
sibly significant that the plasma membrane and
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FIG. 8. Pattern of light intensity within and near eyespot at different angles of incidence for (a) light
incident on outer surface of eyespot from the left and (b) ligh: incident on inner surface of eyespot from the
right. (Data have not been corrected for the absorption of light within the cell before it reaches the eyespot)
Dimensions are taken from the eyespot section in Fig. 7. Dark areas: plasma membrane outermost, chloroplast
double membrane adjacent, four double membranes inside eyespot. Gray areas: pigmented lipid droplets.
Assumed refractive indexes: membranes, n = 1.5 + 0.0 i; pigmented layers, n = 1.5 + 0.1 i; unpigmented
layers, ni = 1.35 + 0.0 i. Wavelength, 480 nm. A more precise estimate of the pertinent field would require
correction for the spectral irradiance at the appropriate depth in the water (155) and the wavelength
dependence of the photoreceptor sensitivity. E2 is the tangential component of the time averaged electric
energy density scaled to 1.0 for the incident light. (We assume that the receptor chromophore does not absorb
the electric component normal to the eyespot layers, as would be approximately true for rhodopsin.) Curves
are drawn for different angles of incidence at 50 intervals from normal incidence (upper curve) to 700 (lowest
curve). Computed by the method ofBerning (18). The method solves Maxwell's equations for the case in which
both the parallel layers and the incident beam are of infinite extent. The assumptions are justified for these
angles of incidence because the eyespot has a width of about four wavelengths (121), but sidebands caused by
diffraction at high angles of incidence are probably underrepresented.

the internal membranes of the eyespot are lo-
cated at precisely these positions. These mem-
branes are therefore the most likely locations of
the photoreceptor pigment. This agrees in part
with the suggestion of Arnott and Brown (4) and
Walne and Arnott (243) that the receptor is

located in the plasma membrane over the eye-
spot. As these authors point out, this location
provides a plausible means of communication
with the flagella, since the plasma membrane is
continuous with the flagellar membrane. Close
communication with the exterior of the cell must
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occur because light-induced changes in ion flow
exterior to the cell are seen in less than 1 ms
(151). It is less obvious how the internal mem-
branes could communicate with the flagella. The
internal membranes come together in a ring
around the eyespot (well shown in Maiwald's
Fig. 6b [157]), which may relate to their function.
The hypothesis suggested by the interference
pattern is that layering in eyespots creates zones
of interference contrast where receptor pigment
can effectively be placed. (The internal mem-
branes, though of thylakoid origin, contain no
chlorophyll [P. Siekevitz, private communica-
tion].) Use of internal layers as well as the
plasma membrane would increase the area avail-
able for photoreception.
Layered eyespots range in aperture from

about 1 wavelength up to 10 wavelengths in the
largest curved eyespots of colonial algae. The
distribution of light within the layers is therefore
dominated by interference and diffraction. The
design provides appropriate directivity and
proper location. Directivity increases with the
number of layers. The interference maximum
that forms a curtain at a quarter wavelength
from the front surface when the light is of the
design wavelength moves outward as the angle
of incidence is increased. The distance increases
as 1/cos6, where is the angle ofincidence (angle
from the normal) (25, 64, 130, 139). At a suffi-
cient angle of incidence, reflection from a lower
layer interferes at the receptor layer, producing
a significant side band or maximum in absorbed
intensity. The antenna seems designed to sup-
press side bands. Light at a high angle of inci-
dence or end on is trapped within the high
refractive layer, and the amount of trapped light
is increased by the curvature of the eyespot,
which is concave outward. The pigment in the
high refractive layer can thereby absorb a sig-
nificant fraction of the trapped light. Curvature
of the eyespot also broadens the main beam,
because some oblique rays encounter a surface
normal to each ray. At wavelengths shorter than
the design wavelength, the maximum intensity
occurs closer to the eyespot and at a slightly
oblique angle of incidence. This probably ex-
plains the fact that the plasma membrane ap-
pears to be somewhat closer to the eyespot than
the quarter of a wavelength the layers are de-
signed for, the idea being that this position of
the receptor causes the sensed intensity of light
of the spectral composition occurring naturally
to be maximum at normal incidence. Orientation
of the receptor molecules in the receptor plane
probably adds to the directivity. Reflection from
the cell wall reduces obliquely incident light. All
of the features discussed in this paragraph seem
designed to shape the intensity at the receptor
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so that the directivity of the antenna decreases
smoothly with increasing angle ofincidence from
a maximum at normal incidence. Note also that
the directivity depends strongly on the polari-
zation of the incident light.
Man-made antennas sometimes focus radia-

tion into a small area. This would be disadvan-
tageous in the algal antennas we are considering,
because the light must excite a sufficient amount
of pigment to allow a range of sensitivity. The
pigment must also be located so as to facilitate
communication with the responder. Use of the
full interference curtain seems to be the best
solution and agrees with our estimate of the
photoreceptor pigment content in Chlamydo-
monas (see Threshold).

Curvature of the eyespot probably accounts
for two observations of Mast (175), the focusing
of the reflected light and the focusing of yellow
light at the back of the eyespot opposite the
incident beam. Geometrical optics provides a
qualitative interpretation of both observations,
the first being simply focusing by a concave
mirror. The yellow spot is undoubtedly formed
from light that cannot be absorbed by the eye-
spot pigment and can therefore undergo multiple
reflection within the eyespot. Successive reflec-
tions from a posterior concave mirror and an
anterior convex mirror directs the light toward
a point aligned with the beam direction, in the
manner of a Cassegrain telescope.
The marked directivity of quarter-wave stack

antennas (Fig. 9b) implies that their position
and orientation in the cell is critical to their role
of providing accurate phasing of the response. In
Chlamydomonas, at least, they are precisely
located (Fig. 2). Because the cell rotates consis-
tently in the left-hand sense, the antenna can
provide accurate information about the direction
of the light.
Chlorophyceae: variations in design. In

all of the chlorophycean algae we have discussed
so far, the layered eyespot contains one internal
thylakoid double membrane at the inner face of
each lipid droplet layer (Fig. 10a). The orga-
nisms are all in the order Volvocales. For brevity
we refer to this as the volvocalian design.
We do not know whether the volvocalian de-

sign is found in other orders, but at least three
other designs of layered eyespots are found in
other chlorophyceans and forms related to them.
The phylogeny of the Chlorophyceae is in a
state of flux, some forms, for example, being
placed in the new class Prasinophyceae. For
convenience here we refer to all of these orga-
nisms as chlorophyceans.

In another design, a double thylakoid mem-
brane lies between each lipid droplet layer, as in
the volvocalian design, but the thylakoid mem-
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branes are smoother and separated so that one
membrane is adjacent to the lipid droplet layer
in front, and the other is adjacent to the lipid
droplet layer behind (Fig. lOc). In most cases,
the two membranes form a sac between the lipid
layers. This design is found in Platymonas sue-
cica (165), Platymonas convolutae (208),
Platymonas impellucida (179), Platymonas sp.
(58,59), Tetraselmis cordiformis (182), and Pra-
sinocladus marinus (207). Unless there are
other criteria for separating them, the similarity
of eyespots suggests that these organisms belong
in the same order. It should be noted that ga-

b)

FIG. 9. Directivity of antennas. Polar plot of E2,
the tangential electric energy density at a particular
membrane layer(s) as a function ofangle ofincidence.
Circle represents what R2 would be if the receptor
was not oriented and there was no refractile and
absorbing structure. (a) A hypothetical antenna in
which a single membrane layer containing photore-
ceptor pigment lies 62 nm in front ofa single 338-nm-
thick layer with A = 1.5 + 0.1 i. In such an antenna,
directivity in unpolarized light isproducedprimarily
by absorption and orientation of the receptor chro-
mophore in the plane of the membrane (dichroism).
The angle a indicates the half-beam width, in this
case a = 1330. (b) A quarter-wave-spaced layered
structure with the dimensions ofthe Chlamydomonas
eyespot made by using the method and assumptions
described in the legend to Fig. 8. Note that the differ-
ent curves correspond to each membrane layer, with
the outermost curve on the left side being that calcu-
lated for the outermost layer. a for the plasma mem-
brane (the outermost layer) is 600.

metes ofAcetabularia mediterranea (order Da-
sycladales) also show this design (43, 44), as do
the zoospores of Schizomeris leibleinii (order
Chaetophorales or Ulvales) (20). The structure
has also been seen in several presumed Volvo-
cales: an unusual marine chlamydomonad Chla-
mydomonas reginae (71), Carteria turfosa
(134), and Carteria crucifera (145). In these
Volvocales, some ofthe pigmented droplet layers
appear to lie inside a sac, with a clear layer
between the two sacs (Fig. lOd). It will be nec-
essary to determine the inside and outside of the
thylakoid sacs to be sure of the exact relation-
ship. Measurement of the photographs of these
eyespots gives thicknesses of the double layer
(lipid droplet layer plus cytoplasmic layer) in
the range 150 to 220 run. Some of the variation
is probably caused by collapsing or swelling of
the thylakoid sac during preparation for electron
microscopy. The measurements show that the
thylakoid sac produces a quarter-wave spacing
between the layers.
Melkonian and Robenek (182) have made a

detailed study of the eyespot in Tetraselmis
cordiformis which reveals specialized associa-
tions between the eyespot and the overlying
plasmalemma. Transverse sections show that
about a dozen pinlike projections approximately
100 rm long connect the plasmalemma and the
overlying theca. Chloroplast membranes extend
into these pins. The plasmalemma lies at a uni-
form distance of 60 to 65 nm in front of the first
layer of lipid globules. Tangential sections show
that the lipid globules are hexagonally close
packed and about 90 nm in diameter. Freeze
fracture through the chloroplast membrane
shows that it is specialized in the region of the
eyespot. The protoplasmic fracture face contains
more particles and a different particle size dis-
tribution in this region than elsewhere. Melkon-
ian and Robenek interpret the extra 6- to 8-nm
particles found in the chloroplast membrane
over the eyespot as photoreceptor molecules.
The density of these particles is low compared

a b c d e
FIG. 10. Different types ofquarter-wave stack antenna construction showing possible associations between

the thylakoid membranes and the pigmented droplet layers. Each antenna is directed toward the left. All but
design (b) have been observed (see text).
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with the density in rhodopsin membranes (112,
136). For this reason and because the plasma-
lemma lies closer to the zone of maximum inter-
ference contrast than does the chloroplast mem-
brane, it seems more likely to us that the pho-
toreceptor molecules are in the plasmalemma,
and that the 6- to 8-nm particles have some
other function. We agree completely with these
authors that the eyespot is closely associated
with the photoreceptor.
A third design of the quarter-wave stack is

seen in the true Pyramimonas species P. par-
keae (197) and P. orientalis (190). In this design
there are no thylakoid membranes between the
lipid droplet layers (Fig. 10e). In P. parkeae a
fibrillar hexagonal matrix in the lipid layer ap-
pears to hold the droplets together. Spacing of
the layers is similar to the spacing in other
chlorophycean eyespots. P. orientalis differs
from the other forms we have discussed in hav-
ing two double-layered eyespots in two separate
chloroplast lobes. The eyespots lie adjacent to
each other, forming a single antenna. Pyrami-
monas obovata apparently has two separate an-
tennas not even fixed with respect to other cell
features (36), but we do not know of any behav-
ioral studies on these forms.
The eyespots of most chlorophycean algae

have only a single layer, formed as a specializa-
tion of the chloroplast, which is closely apposed
to the plasmalemma at only this point. These
eyespots presumably function by absorption and
by quarter-wave interference of the light re-
flected from their front and back surfaces. In
some, the reflection is increased by other struc-
tures. In the uniflagellate Pedinomonas minor,
for example, the strongly refractive pyrenoid is
located immediately behind the eyespot. The
reflective surface ofthe pyrenoid lies three-quar-
ters of a wavelength behind the rear surface of
the lipid layer of the eyespot, strengthening the
constructive interference at the plasmalemma.
This is particularly important because the or-
ganism is only 2.5 to 7.0 ,im long by 1.8 to 4.4
,um wide by 1.0 to 2.2 ,im (68, 69, 160, 161, 214).
The small size reduces the amount of screening
by the cell body. Mantoniella squamata (for-
merly Micromonas squamata) is another small
phototactic alga with a small single-layered eye-
spot (52, 164, 209, 223). Heteromastix (166, 176)
and Monomastix minor (162) are small biflagel-
lated green algae with single-layered eyespots.

Single-layered eyespots are not restricted to
small organisms. For example, they are found in
Volvocales, Chlamydomonas eugametos (243)
and Chlamydomonas dysosmos (229); in Tetra-
sporales, Gloeococcus bavericus (113); in Chlo-
rosarcinales, zoospores of Chlorosarcinopsis mi-
nor and C. dissociata (181); in Caulerpales, fe-

male gametes of Bryopsis hypnoides (34); in
Chlorococcales, gametes of Hydrodictyon re-
ticulatum (167); in Ulvales, zoospores of Enter-
morpha intestinalis (72), gametes of Ulva lac-
tuca (186), zoospores of Ulva mitabilis (28), and
gametes of Ulvopsis (Monostroma) grevillei
(189); in Ulotrichales, zoospores of Cylindro-
capsa geminella (119); in Oedogoniales, zoo-
spores of Bulbochaete hiloensis (217) and zoo-
spores of Oedogonium cardiacum (120); and in
Chaetophorales, zoospores of Microthamnion
kuetzingianum (245), zoospores of Fritschiella
tuberosa (180), and zoospores of Stigeoclonium
(70, 159). In most photographs these eyespots
are in their characteristic position adjacent to
two chloroplast membranes and the plasma-
lemma at the cell wall.

In most chlorophycean algae it is probable
that only the plasmalemma contains receptor
pigment. In this location the receptor could com-
municate to the site of response by gating or
pumping ions, causing a change in membrane
potential that would propagate rapidly to the
flagella. The volvocalian design may represent
an evolutionary advance over these simpler re-
ceptors. As mentioned above, these organisms
may have taken advantage of the internal zones
of interference maximum by placing receptor
membranes there and developing some means of
signal communication to the flagella. At least
one case is known, Cryptomonas (see below), in
which a receptor in the interior of the chloro-
plast is able to function.
Dinophyceae: quarter-wave stack anten-

nas and lens antennas. The dinoflagellates, a
diverse group with respect to habitat, nutrition,
and morphology, are also diverse with respect to
their antennas. They have traditionally been
separated into two main groups, the Dinophy-
ceae and the Desmophyceae (23). The limited
information available (77-79, 101, 102) suggests
that these two groups may use different photo-
receptor pigments for phototaxis. Some desmo-
phyceans are known to be phototactic, although
they seem not to have eyespots (61, 62, 101). No
structural information is available about anten-
nas or photoreceptors in this group.
The motile dinophyceans have a unique flag-

ellar form. They have two flagella, one lying in
a transversely aligned groove, the other in a
longitudinally aligned groove. The eyespot,
when present, is posterior in the cell and under-
neath the groove of the longitudinal flagellum
(Fig. llb). Some unarmored marine forms and
some fresh-water species have eyespots; many
phototactic species have no clearly visible eye-
spot, for example, Peridinium trochoideum
(101), Goniaulax catenella (101), and Ceratium
(185, 196). Metzner (185) says that the photosen-
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sitive spot in Ceratium cornutum is located near
the point where the two grooves meet. Halldal
(101) reports that the dinoflagellates without
eyespots track poorly compared with other al-
gae.
Peridinium (184) and Gymnodinium (228)

have the simplest eyespots described for this
group. The antenna resembles that of some
chlorophyceans (for example, Platymonas and
Tetracystis) and probably functions similarly. A
single pigmented layer with quarter-wave spac-
ing lies adjacent to the sulcus membrane. Its
closeness to the membrane and the bases of the
flagella should facilitate rapid communication of
the signal. These eyespots lie within a chloro-
plast with a triple membrane. Several thylakoid
membranes lying about a quarter wave behind
the lipid droplet layer probably contribute to
antenna function.
Eyespots of Woloszynskia tenuissimum (42)

are sometimes multilayered, just as in the chlo-
rophycean quarter-wave stack. Sometimes these
quarter-wave layers are wrapped in triple mem-
branes (suggestive of dinoflagellate chloroplast
origin) with loss of chloroplast function. An ex-

ample is Peridinium balticum (238; D. Tippet,
private communication), shown in Fig. lla. The
diimensions are precisely as expected for a quar-
ter-wave stack, and the structure is located ad-
jacent to the sulcus membrane. The chloroplasts
used for photosynthesis in this organism appear
to be of separate chrysophyte origin (129). The
design of the eyespot is like that of Pyrami-
monas in which there are no thylakoid mem-
branes between the multiple layers (Fig. lOe),
but the quarter-wave stack probably originated
independently in the two groups. The origin of
the dinophycean chloroplast, which contains
chlorophyll c, is thought to be distinct from the
origin of the chlorophycean chloroplast, which
contains chlorophyll b.
Some algae in the family Warnowiaceae have

a specialized antenna with an elaborate ocellus
(Fig. lld) or refractive lens. Francis (84) esti-
mates the index of refraction to be 1.52. The lens
focuses light on a crystalline lamellar body
which is sometimes backed by a quarter-wave
reflecting layer (for example, Erythropis pavil-
lardi [94]). Though large by algal standards,
these lenses are less than 30 wavelengths wide

-Trimembrone

a)

d)
FIG. 11. Dinoflagellates. Peridinium: (a) section through eyespot, showing layers of pigmented droplets

(after reference 238, which had 8 rather than 3pigmented layers); cm, cell membrane; (b and c) two side views
showing the location ofeyespot and flagellum (after reference 185). Nematodinium: (d) ocelloid (after reference
84); (e) location of ocelloid and flagella in cell. Closed arrows show swimming direction, and open arrows
show presumed direction of antenna (97).
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and can be considered antennas. Like man-made
lens antennas, they use refraction to increase
directivity. Francis estimates the field of view as
300. Because the structure protrudes from the
body, it is not restricted to being directed normal
to the body surface (96, 101); in many forms it
points more forward. This may imply that the
latter forms use the antenna for some other
function in addition to phototaxis (see Prospects
and Conclusions). Greuet (95) reports that Leu-
copsis has an array of 15 or so antennas directed
forward. Such an antenna array could be con-
nected to process an image, as our own retina
does.
Cryptophyceae: dielectric slab wave

guide antennas. The antennas in Chroomonas
mesostigmatica (57, 58) and Cryptomonas ros-
trella (152) resemble the antennas already dis-
cussed in originating as a specialized part of the
chloroplast, but they lie in the middle of the cell
rather than at the cell surface (Fig. 12). This
type of antenna is a spur of the chloroplast about
1 ,um on a side. On one of its longitudinal faces
there are about 35 pigment granules ranging up
to 260 nm in diameter. This pigmented layer
absorbs most strongly when the light is perpen-
dicular to the swimming axis of the cell. The
remainder of the structure contains thylakoid
disks perpendicular to both the plane of the
pigment granules and the long axis of the cell.
Phycoerythrin, the pigment implicated by the
action spectum as the receptor for phototaxis
(244), presumably lies in the intrathylakoid

Photoreceptor
sacs

E, c~~~~~

a) b) I

FIG. 12. (a) Eyespot of Chroomonas (after refer-
ence 58). The antenna is directed leftward, with the
photoreceptor sacs in front of a layer of large pig-
mented droplets. (b) Whole cell of Chroomonas (after
reference 57). The antenna is apinched-offpart ofthe
chloroplast (c). (The pyrenoid [p] is also part of the
chloroplast.) In the antenna, but not in the rest of the
chloroplast, the thylakoid membranes are oriented
perpendicular to the long axis of the cell.

spaces (86). These chloroplast disks undoubt-
edly contain lipid and protein, which give them
a high refractive index. This makes them act as
wave guides, especially for light that strikes
them end on. The absorbing stop (pigmented
layer) lies at one end of the disks, causing the
system to function as a directional antenna. The
antenna lies about 1 ,um from the bases of the
flagella, a distance short enough that diffusion
could effectively communicate the signal to the
flagella.
Euglenophyceae: absorbing screens and

dichroic crystal detectors. Euglena gracilis
is a unicellular organism about 50 ,um long and
10 ,tm in diameter with a single anterior flagel-
lum (Fig. 13b)(32, 144). It is not closely related
to the algae whose antennas we have already
discussed. Phototaxis in Euglena and its near
relatives appears to have originated independ-
ently and employs structures not of chloroplast
origin. Action spectra for phototaxis in Euglena
suggest that the photoreceptor pigment is a fla-
voprotein (38, 53), not rhodopsin or a caroteno-
protein as is likely in the green algae. Structures
corresponding to both the photoreceptor and
the screen can be identified (Fig. 13a). The pre-
sumed photoreceptor is the paraflagellar body,
a swelling of the flagellum at its base that is
essential for phototaxis (144) and lies at the front
of the antenna. As determined by absorption
spectra (248) and fluorescence (14, 15), it con-
tains a flavoprotein. The size of the paraflagellar
body is consistent with our estimate of the
amount of pigment it contains (see Threshold).
The screen at the back of the antenna is the
stigma, a pigmented mass 3 to 7,m in diameter
lying in the cytoplasm on one side of the para-
flagellar body. It contains predominantly carot-
enoid pigments (7, 8, 110, 137) contained in an
irregular assortment of granules with no stacked
layers (243). The stigma is so located that in
most orientations of the cell it must modulate
the light that reaches the paraflagellar body
during the rotation of the cell.

In Euglena the photoreceptor is a dichroic
crystal. Structural evidence shows that the mol-
ecules in the paraflagellar body are oriented in
a crystal of fixed orientation with respect to the
antenna (135, 211, 248). The c axis of each unit
cell lies nearly parallel to the axoneme, and the
a axis points toward it (211). This has important
implications for the directivity of the antenna
for polarized and unpolarized light and the
mechanism of communication with the flagel-
lum. Electron-dense spots, adjacent to the crys-
tal and lying next to the paraflagellar rod (211),
and the paraflagellar rod itself may play a role
in the control of flagellar function. Since re-
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Paraflagellar rod

a) b)
FIG. 13. Euglena. (a) Cross section (viewed from the anterior end of the cell) through the antenna parts

(after reference 135). The crystal detector (paraflagellar body) is connected to the paraflagellar rod and lies
within the membrane of the emergent flagellum in front ofa large screen ofpigmented droplets. (The second,
nonemergent flagellum is also shown.) (b) Whole cell showing location of antenna (paraflagellar swelling
and eyespot) and flagella (after reference 144). Open arrow indicates the antenna direction. Euglena, as
drawn, would swim upward.

sponse takes as long as 150 ms (55), there is
probably a diffusion step between these closely
adjoined parts. Presumably, too, there is transfer
from the site of photon excitation preferentially
across the crystal to where the signal is captured.
It is not surprising that polarized light has a
strong effect on the behavior of Euglena (27, 45,
53, 54) (see below).
The stigma, on the other hand, is probably

not dichroic, since its granules show spherite
birefringence, characteristic of a radial rather
than linear array of molecules (243). In fact, the
stigma partially depolarizes incident light. The
net directivity is caused by a combination of an
oriented, and therefore dichroic, receptor and an
effective absorbing screen.
Antennas of the same design are found in

Phacus pleuronectes (65), Trachelomonas vol-
vocina (60), and Eutreptiella gymnastica (236),

but they have been less well studied.
Chrysophyceae, Xanthophyceae, and

Phaeophyceae: absorbing screens and
paraflagellar swelling. Although the anten-
nas of the Chrysophyceae, Xanthophyceae, and
Phaeophyceae have the same design principles
as those of the Euglenophyceae and Eustigma-
tophyceae, namely, a detector abutting a shad-
ing device (Fig. 14), their antenna structures
differ in several fundamental respects. First, the
eyespot consists of droplets formed within rather
than outside the chloroplast. Second, the eye-
spot and paraflagellar swelling are always asso-
ciated with a short smooth secondary flagellum
rather than with the primary one. Third, the
flagellar swelling is not crystalloid as in Euglen-
ophyceae. The motile cells of the classes of this
section share a number of common structural
features (114). Most important to us, the struc-
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ture and position of the flagellar swelling are
similar in all of them. The swelling is presumed
to be part of a photoreceptor apparatus, al-
though there are no detailed reports on photo-
tactic behavior. The eyespot typically consists
of a single sheet of droplets 200 to 500 nm in
diameter. They are larger and much more vari-
able in size than the droplets in chlorophycean
eyespots. Typically, the eyespot is as large as 1
,um in Uroglena and Dinobryon and forms a
depression into which is pressed the flagellar
swelling, which typically contains amorphous
dense homogeneous material. In Dinobryon
there are layers in the swelling.
The secondary inactive flagellum can be quite

small; in Chrysococcus rufescens (114) it is only
75 nm long complete with its swelling. In Chro-
mulina psammobia (114) the stubby flagellum
is completely enclosed in a pocket. In Chromu-
lina placentula (10) and Phaeaster pascheri
(12) it is embedded in the cell surface. In each
case the secondary flagellum appears to have
been specialized for photosensory function.

F2Eyespot

I m
I

FIG. 14. Fucus spermatozoid. Section through pri-
mary flagellum (Fl) and secondary flagellum (F2),
showing paraflagellar swelling on F2 and adjacent
pigment droplets (after reference 58). This antenna
design is found, with variations, among the Chryso-
phyceae, Xanthophyceae, and Phaeophyceae. Closed
arrow indicates the swimming direction. Open arrow
indicates the antenna direction.

Some advantage of this specialization must over-
come the problem of communication from the
sensory flagellum to the one that is controlled.
In cases such as Ochromonas tuberculatus and
Anthophysa vegetans (13) there is a dense par-
aflagellar rod similar to the one in Euglena on
the side of the axoneme opposite the flagellar
swelling. Whether this is used for communica-
tion or in some other way is not known.

In other species some of the components ap-
pear to be missing. If antennas function in these
organisms, some must do so without an eyespot,
and others must function without a paraflagellar
body. For example, Poterioochromonas mal-
hamensis (114) is a chrysophycean with a small
paraflagellar swelling adjacent to a dense region
of plasmalemma. Mallomonas papillosa and
Chrysamoeba radians (114) also have a para-
flagellar body adjacent to the cell surface, but
no eyespot. Bouck (26) suggests that a modified
plasmalemma may sometimes be the receptor.
Without behavioral data on these organisms we
have no way of knowing whether the structures
found are functional or merely vestigial. Rhizo-
chromulina marina appears to be unique among
the chrysophyceans in having lost all compo-
nents of the antenna (116).
We presume that as with other algae the

antennas of these forms point normal to the
swimming path ofthe cell. This is not necessarily
obvious from cell structure itself. Apparently,
Chromulinaplacentula swims with its flagellum
leading and its concave surface inclined 450 to
its swimming direction (10). This causes the
antenna to point approximately normal to the
swimming path. In Ochromonas, also, the an-
tenna appears to be fairly normal to the swim-
ming path (114). It is premature to say whether
this is true for other species.
Eustigmatophyceae: absorbing screens

and paraflagellar buttons. As the name im-
plies, organisms of this class have conspicuous
eyespots (Fig. 15b) (117). The principles of an-
tenna design appear to be similar to those used
by the Euglenophyceae, Xanthophyceae, Phaeo-
phyceae, and Chrysophyceae, although the Eu-
stigmatophyceae are probably phylogenically re-
mote from these groups. In these groups an
extension of the flagellum abuts an aggregation
of pigment droplets. In the Eustigmatophyceae
the extension is button shaped, 1 to 1.5 Am in
diameter, and T shaped in cross section. It abuts
the eyespot, which is 1 to 2 um in diameter and
has an irregular shape. The eyespot is an aggre-
gation of droplets of variable size lying outside
the chloroplast in the main body of the cell. It
acts as a shgde and presumably as a reflector
(Fig. 15a). Unlike the other classes, there is no
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button

a)

b) I

FIG. 15. Eustigmatophyceae. (a) Cross section
through the paraflagellar button in Polyedriella
(after reference 117), showing the single flagellum
and the adjacent pigment droplets. The droplets are

irregularly shaped and lie outside the chloroplast. (b)
Diagram ofcell showing the location ofthe flagellum,
pigmented droplets, and paraflagellar button. Open
arrow indicates the antenna direction.

evidence of a second flagellum or a paraflagellar
rod. In Polyedriella helvetica the paraflagellar
button contains layered material. The only in-
formation about behavior is that the cells stop
in bright light. We do not know whether the
receptor pigments are similar to those of other
classes, nor do we know the threshold for pho-
totaxis. We do not know the exact location of
the photoreceptor, how it communicates to the
flagellum, or how the flagellum responds. Pre-
sumably, the receptor is some part of the para-
flagellar button and, thus, lies so close to the
flagellum that communication would be rapid
even by diffusion.
Prymnesiophyceae (Haptophyceae). Un-

fortunately, we know little about the behavior
of this class of organisms. Mjaaland (188) reports
that the motile stage of the coccolithophorid
Coccolithus huxleyi, which lacks an eyespot, is
phototactic and accumulates toward diffuse and
parallel light. Also, a few species of the order
Pavlovales (for example, Diacronema vlkianum
[92] and Pavlova lutheri [91]) have an eyespot
of the chrysophycean type associated with a

paraflagellar swelling of the posterior flagellum.
The swelling (92) appears to be long and com-

plex and to have a different phylogenetic origin
from the flagellar swelling ofthe Chrysophyceae;
furthermore, the cells in this study were not
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phototactic. Although the eyespots are not as-
sociated with either flagellum in P. granifera
(90) and P. gyrans (93), they do border a pit
which runs beneath the flagellar basal bodies.
Probably, a layer of the pit surface or something
that could fit into the pit forms the rest of the
antenna. The haptonema, a coiled process ex-
tending from the cell near the base of the fla-
gella, has a basal swelling that may be part of
the antenna (142, 163, 206).

Discussion
Because antenna function requires precise ge-

ometrical structures and precise relationships
among component parts, electron microscopy
will continue to be the primary source of infor-
mation about antennas. The ubiquity of anten-
nas among flagellated algae makes it certain that
more antennas remain to be discovered and
probable that there are more antenna principles
than we have discussed. The value of electron
microscopy observations could be enormously
increased if behavioral information were avail-
able on the same material. In general, it is not
feasible for a single laboratory to undertake both
elaborate electron microscopy investigations
and elaborate experiments on phototaxis, but
there are a few simple physiological observations
that could conveniently be made on the same
cultures used for electron microscopy. We em-
phasize especially the value of threshold mea-
surement. An approximate estimate of threshold
requires, besides a source of monochromatic
light of known intensity, only a microscope, a
clock, and a certain amount of patience. In the
next section we discuss in detail the use of
threshold measurements for estimating the
amount of photoreceptor pigment and the size
of photoreceptor structures.

Algal antennas require a precise structure and
must occupy a precise location within the cell.
They exert a dramatic effect on behavior with-
out being essential to the life of the cell under
laboratory conditions. Moreover, the eyespot
can be seen in the light microscope. For all of
these reasons the antennas provide a promising
model system for investigating the genetic con-
trol of cell architecture. This is especially true of
the quarter-wave stacks, with their tight spatial
requirements. The availability of well-developed
genetic systems (147) as well as microbiological,
biochemical, and biophysical tools should make
such studies of microscopic algae both efficient
and rewarding.
From our discussion of structure it is clear

that antennas, when present in motile stages,
are a useful phylogenetic character. This char-
acter has been used by several authors (58, 115),
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and we expect that it will become even more
prominent in phylogenetic studies.

ANTENNA PROPERTIES DETERMINED
FROM BEHAVIOR

Threshold: Receptor Pigment
Concentration

Threshold is defined as the lowest light inten-
sity at which response occurs. It is important
because it can be used to estimate the minimum
amount of receptor pigment a receptor contains.
In fact, until chemical estimates become avail-
able, it provides the only information we have
about receptor pigment content. The methodo-
logical details are important for interpreting
threshold measurements. Three different crite-
ria of threshold have been reported in the pho-
totaxis literature: (i) the lowest light intensity
that produces visible orientation of individual
cells, (ii) the lowest light intensity that produces
visible aggregation, and (iii) the extrapolation of
the log intensity-response curve to zero response.
The interpretation of results obtained by these
different methods is discussed below. It is also
shown that the interpretation is different for
colonial and for unicellular algae.
To analyze threshold, we assume that the

sensor acts as a photon counter. This assumption
is justified because visible light is the stimulus
for phototaxis. One photon of visible light con-
tains much more energy than thermal motion
alone can impart to one molecule at biological
temperature. Hence, after the pigment molecule
has been excited by absorption of a photon, it
can activate some detection process that is un-
likely to be activated by thermal motion alone.
Therefore, a cell can detect single photons, and,
as far as it is known, all biological photoreceptors
are photon counters (39, 99, 109).
Time must always be considered when ana-

lyzing threshold because the probability of a
response depends on the time available to sense
a stimulus. Up to a limit, the longer one waits
the greater the chance of response. We show
below when we discuss signal processing that
the memory time must be of the order of the
rotation period of the organism. This enables
the organism to filter its past experience in such
a way that it can determine the phase of the
rotation cycle. For analyzing threshold; certain
simplifications are possible, particularly since we
use threshold to calculate only a lower limit to
the receptor pigment content. We consider only
two light intensities at the photoreceptor: the
maximum of the modulation cycle, assumed
equal to the incident intensity, and the minimum
of the cycle. We refer to whatever reduces the
light intensity at the receptor as the screen, and

we refer to the magnitude of its effect as the
screen extinction. We assume that the photore-
ceptor acts as the equivalent of a quantum dif-
ference counter: it first counts the number of
photons at the higher light intensity and then
counts the number at the lower intensity, com-
pares the two counts, and produces a response
whenever it detects a significant difference. The
photoreceptor does not count every photon ab-
sorbed by the photoreceptor pigment. The ratio
of photons counted to photons absorbed is the
quantum efficiency 4r of the photoreceptor.
As explained above, we use the absorption

cross section a as a measure of absorption (see
Optical Principles). We assume that the photo-
receptor pigment is sufficiently dilute that the
number of excitations per photon per second is
equal to Oarar times the number of pigment mol-
ecules in the light path.
The smallest signal that can be measured

reliably in one rotation cycle occurs at the light
intensity at which the quantum difference equals
its standard deviation; that is, where

eo -e = Seo-el (23)

Here eo is the mean number of receptor pigment
excitations during the unscreened phase, el is
the mean number of excitations during the
screened phase, and se0 - e, is the standard devia-
tion of the difference eo - ei. We know from
propagation of error theory (for example, see
Parratt [210]) that

Seo- el = Seo + Sel (24)
where s is the standard deviation. To calculate
s2 and s2,, we note that at threshold the number
of pigment molecules in the photoreceptor is
large relative to the number of excitations during
the modulation cycle. Therefore, eo and el are
Poisson distributed, and their variances are
equal to their means. It follows that at threshold

eo- e = (eo + e1)"2 (25)
Replacing el by Teo, where T is the transmission
of the screen, and rearranging, we have

eo= (1 + T)/(1 -T)2 (26)

This is the miniimum number of excitations that
must occur during the unscreened phase.
Equation 26 provides a conservative criterion

of threshold, since it gives the excitation level at
which a single receptor can reliably measure an
intensity difference in a single modulation cycle.
In many threshold experiments more than one
receptor or more than one cycle is involved. For
example, colonial algae may have hundreds of
receptors in a single organism, and the organism
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as a whole can go toward the light even when
the intensity is so low that an individual receptor
cannot detect the intensity modulation. Like-
wise, in experiments where the presence or ab-
sence of aggregation within a certain period of
time is determined, each organism makes many
measurements of the intensity difference during
the observation period and can drift toward the
light even if it gives the wrong response during
some cycles. We therefore derive expressions
that take these effects into account.

In a colony, the signal is averaged over many
receptors, and intrinsic noise, rather than
quantum noise, is likely to be limiting. Our
reasoning is as follows. Suppose that in addition
to the photon excitations there is intrinsic ran-
dom noise that gives in effect i random counts
to the sensor during the memory time of the
cell. For one cell the variance is eo + el + i,
instead of eo + ei. For N effective cells in a
colony, the mean is still eo - el, but the variance
is (eo + el + i)/N. Assuming as before that at
threshold the signal equals its standard devia-
tion and replacing el by eoT, we have for the
number of quanta required at threshold eo =
[1 + T + r(1 + T)2 + 4(1-T)rNi]/(1-T)2N.
For large Ni,

eo 2N/(1- T) (27)

Note the dependence on 1/N; eo would depend
on 1/N if intrinsic noise were not considered.
From equation 26 the quantum noise at the
threshold of a single cell, eo + el, is eo(l + T) =
(1 + T)2/(1 - T)2. We make the plausible as-
sumption that the intrinsic noise is smaller but
of comparable magnitude, and assume that i =
(1 + T)2/4(1 - T)2. Substituting into equation
27, we have

eo= (1 + T)/(1 -T)2v/N (28)

Note that, strictly speaking, equation 26 is not
the same as equation 28 with N = 1, because the
two equations were derived from different as-
sumptions.
Aggregation in a light beam is a complicated

process whose analysis requires knowledge of
the rotational and translational diffusion con-
stants of the organism, the concentration of or-
ganisms in different regions of the suspension,
and the boundary conditions imposed by the
geometry of the beam and chamber. This infor-
mation is not available from reported experi-
ments, so a detailed analysis is not possible. As
we have already seen, threshold calculated on
the assumption that the receptor accurately
measures an intensity difference every cycle is
clearly too high. We can set a lower limit by
assuming that every cell in the light path must

accurately measure the mean intensity differ-
ence during the period of observation. If we
assume that the organism makes an independent
estimate of the intensity difference during each
rotation, the variance of the mean count differ-
ence is

Se2o_ e = (eo + ei)/N,ot (29)
where Nrt is the average number of rotations
during the observation period. If, as before, we
set the mean count difference equal to the stand-
ard deviation of the difference, we have for uni-
cellular organisms

eo= (1 + T)/(1-T)2 N

and for colonial algae

eo= (1 + T)/(1 - T)2

(30)

(31)
The third method of measuring threshold re-

quires its estimation from a plot of response
versus log intensity. We assume that in the linear
portion of the curve the organisms track the
light beam and therefore respond during every
rotation. In this case, equations 26 and 28 are
applicable. We estimate threshold by extrapo-
lating the linear portion of the curve to zero
response.
We can use the preceding equations to esti-

mate the miniimum number of molecules of re-
ceptor pigment per receptor. Note that for co-
lonial algae this is the number of molecules per
sensitive cell, not the number per colony. From
our assumption that the pigment is dilute, it
follows that the number of excitations eo in time
T is

eo = Infr4orT (32)
where I is the light intensity (in quanta per
square centimeter per second), nr is the number
of receptor molecules per receptor, 0r is the
quantum efficiency of the photoreceptor pig-
ment, a, is the absorption cross section of the
photoreceptor pigment (in square centimeters),
and T is the duration of the unscreened phase
(assumed to be equal to the duration of the
screened phase) (in seconds). We write equations
26, 28, 30, and 31 as a single equation

eo = (1 + T)/(1 - T)2K (33)
where K = 1 for unicellular algae responding
during every rotation cycle, K = vW for colonial
algae with N receptors responding continuously,
K = N for unicellular algae responding dur-
ing Nrt rotation cycles, and K = ifNr~t for
colonial algae with N receptors responding dur-
ing Nrot rotation cycles. Substituting for eo in
equation 32 and rearranging, we have for the
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number of receptor molecules in the receptor

nr = [(1 + T)/(1 - T)2K][1/(Iminm4orUrT)] (34)

where Imin is the threshold light intensity.
Receptor pigment content of various al-

gae. Equation 34 provides a method of calculat-
ing the amount of photoreceptor pigment from
the threshold light intensity. Because the
amount of receptor pigment has not been mea-
sured in any alga, we have not been able to test
the validity of this equation directly. Instead, we
have collected threshold values from the litera-
ture, estimated the other parameters, calculated
minimum estimates of nr, and then compared
these to the space available in the assumed
structures. The nr values are listed in Table 1.
Because of the uncertainty of the estimated
parameters and because the original experi-
ments were not, in most cases, specifically de-
signed to measure threshold, the values of nr are

at best good to only an order of magnitude.
For all algae except Euglena, we took the

extinction coefficient (40,000 liters mol-1 cm-')
and quantum efficiency (0.67) for vertebrate vi-
sion (48) as a practical upper limit to the effec-
tive absorption of a biological photoreceptor.
This gave 4rar = 0.67 x 40,000 x 3.82 x 10-21 =
1.0 x 10-16 cm2. For Euglena we assumed that
the receptor is a flavoprotein with a maximum
extinction coefficient of 10,000 liters mol-' cm-l
and a (or of 3.8 x 10-17 cm2. The effective absorp-
tion is probably increased in Euglena by dichro-
ism and decreased by the usually low (10 to 20%)
quantum efficiency of solid-state photodetec-
tors. We estimated that the combined effect
reduced the unscreened absorption by 0.3 in
polarized light and by 0.15 in unpolarized light.
Only one experimental value for the transmis-
sion of the screen is available, namely, 0.3 for
the in vivo transmission of the stigma in Eu-
glena (248). Taking this as a reasonable lower
limit to the transmission of the screen in other
algae, we used (1 + T)/(1 - T)2 = 2.65. Mea-
sured values of rotation rate for unicellular algae
are about 1 to 2 rotations per s (Euglena [5];
Gyrodinium [105]; Chlamydomonas, Smyth and
Berg, in preparation). For Volvox, Gerisch (87)
found 0.23 rps, and Schletz (226) found 0.27 rps,
whereas Sakaguchi and Iwasa (221) found 0.15
to 0.6 rps, depending on temperature. Assuming
that the memory time is equal to half the rota-
tion period, we used X = 0.5 s in the unicellular
algae, and 'r = 2 s in the colonial algae. In Volvox,
only the cells in the front half of the colony
respond to light, and they are not equally re-

sponsive. Because the species reported have
small colonies, we estimated thatN = 400 recep-
tors per colony. In experiments based on the

observation of visible accumulation, most au-
thors report that they waited until aggregation
had stopped. In these experiments we assume
that aggregation was actually visible sooner, and
use Nrot equal to the estimated number of rota-
tions in one-half of the reported observation
time. Other assumptions are stated in the foot-
notes to Table 1.
A more conservative estimate of photorecep-

tor pigment content could be obtained by assum-
ing that the screen is opaque, the quantum effi-
ciency is 1, and the photoreceptor extinction
coefficient is 100,000 liters mol-' cm-'. Our as-
sumptions give nr values 1 order of magnitude
higher and seem more realistic. The largest error
is probably in the estimation of the screen. We
do not have experimental values for T in any
alga except Euglena, and nr becomes large as
the transmission increases. Moreover, we have
not attempted to take the details of reflection
and directivity of receptors into account. The
latter design mechanisms may raise the maxi-
mum intensity at the photoreceptor, making the
true value of nr smaller than our estimate.
The estimates ofphotoreceptor pigment listed

in Table 1 cover about 3 orders of magnitude
from 560 to 980,000 molecules per receptor. The
geometric mean is 3.4 x 104 molecules. Are these
values compatible with the suggested struc-
tures? We know the size of the receptor in Eu-
glena. The photoreceptor is presumed on good
evidence to be the paraflagellar body. Kivic and
Vesk (135) give dimensions 0.4 by 0.3 by 1.2 pm
for the paraflagellar body. The body is crystal-
line, with a unit cell of 8.9 by 7.7 by 8.3 nm, and
,B = 1100 (211). The paraflagellar body contains
about 2.5 x 105 unit cells, and our estimates
would give two to four photoreceptor molecules
per unit cell. We can compare this number with
the pigment concentration in the purple mem-
brane ofHalobacterium. This is also a biological
crystalline photoreceptor, a two-dimensional
crystalline array of bacteriorhodopsin (112). The
purple membrane has 1.8 x 107 chromophores/
Am3, so a volume the size of the paraflagellar
body would contain 2.6 x 106 molecules. Our
estimates for Euglena give 0.5 x 106 to 1.0 x 106
chromophores per receptor. These numbers are
close enough to suggest that our value is at least
physically plausible. Another check on our esti-
mate is the maximum molecular weight derived
from the weight of the paraflagellar body per
molecule. Assuming a density of 1.0, we obtain
values of 88,000 and 170,000, which is in the
range of protein molecular weights and seems
plausible. Still another check is to estimate the
pigment content from Wolken's in vivo extinc-
tion spectrum of the paraflagellar body (248).
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Assuming this spectrum was taken laterally
through the paraflagellar body, and correcting it
for scattering by assuming that the absorption
at 410 nm is 0.58 times the absorption at 450 mm,

as in flavoprotein, we obtain an estimate of 3.6
x 107 flavin molecules in the paraflagellar body.
This is 1 to 2 orders of magnitude greater than
our values and seems implausibly high. Most of

TABLE 1. Minimum number of receptor pigment molecules per cell calculated from threshold light intensity

Wavelenigth Threshold intensity Minimum no. ofOrganism (nm) (quanta cm-2 -') molecules per
Cella

Dunaliella salina (red form) 483-508 7.9 x 1012b 5.6 x 102
Cryptomonas sp. 570 1.8 x 10'3c 3.0 x 103
Dunaliella salina (green form) 483-508 1.4 x 1012b 3.1 x 103
Gymnodinium splendens 453 1.5 x 10'3 3.6 x 103
Volvox minor 492 2.0 x 10'°e 5.4 x 103
Pyramimonas reticulata (white) 6.7 x 10'2f 7.9 x 103
Ulva lactuca (gametes) (white) 4.8 x 10'2 1.0 x l04
Chlamydomonas reinhardtii [strain 137c (+)] 465-570 4.4 x 10'2h 1.9 x l04
Chlamydomonas reinhardtii [Gottingen strain 11-32(+)] 503 1.8 x 1012i 2.9 x 104
Eudorina elegans 492 1.2 x 10'°e 3.2 x 104
Platymonas subcordiformis (negative phototaxis) 500 7.3 x 10'10 6.6 x 104
Volvox aureus 491 5.0 x 1O9k 1.3 x 105
Chlamydomonas reinhardtii [strain 137c (+)] 465-570 3.7 x 10"h 2.3 x 105
Chlamydomonas reinhardtii [strain 137c (+)] 503 1.8 x 10"' 2.9 x 105
Chlamydomonas sp. 492 1.5 X 10'0e 2.9 x 105
Platymonas subcordiformis (positive phototaxis) 500 1.2 x 10'0j 4.0 x 105
Euglena gracilis (without chloroplasts) 410 1.6 x 10"' 5.2 x 105
Euglena gracilis 472 4.7 x 10"" 9.8 x 105

a Calculated from equation 34. Estimated parameters: screen transmission T = 0.3; quantum efficiency of
photoreceptor pigment 4r = 0.67 (except for Euglena); absorption cross section of photoreceptor pigment ar(472
nm) = 3.8 x 10-'7 cm2 (Euglena), ar = 1.5 x 10-'6 cm2 (others); integration time 'i = 2.0 s (Volvox and
Eudorina),T = 0.5 (others); number of photoreceptors N= 400 (Volvox), N = 32 (Eudorina). These assumptions
are discussed in the text. In two experiments in which min was given in lux, 1 lux = 4.5 x 10" effective quanta
cm-2 s-' was assumed, because the spectral sensitivity of the algae roughly matches the spectral sensitivity of
the human eye.

b Blum and Fox (22). Threshold for visible accumulation (positive) in 5 min, Nr,t = 150. The authors give
nominal voltage and wattage of the lamp, its efficiency and color temperature at the operating voltage, and
filter transmissions. For absolute intensities we estimated lamp output from the conversion formulas of Carlson
and Clark (35), converted to quantum flux assuming black body radiation and using tabulated lumens per watt,
and assumed that intensity varies as l/l'2d2, where d is distance from the lamp (35). Wavelength range is one-
half band width.

' Watanabe and Furuya (244). Extrapolation of the log intensity-response curve for positive phototaxis to
zero response.

d Forward (79). Extrapolation of log intensity-response curve for positive phototaxis to zero response.
eLuntz (154). Threshold for visible accumulation (positive) in 5 min, Nrot = 40 (Volvox, Eudorina), Nret = 150

(Chlamydomonas).
f Belcher (9). Threshold for oriented swimming (positive phototaxis) ofindividual cells observed in microscope;

Imin = 15 lx; assumed Nrt = 1.
'1 Haxo and Clendenning (107). Extrapolation of log intensity-response curve for positive phototaxis to zero

response. Imin = 1 footcandle (10.8 lx).
h Feinleib and Curry (76). Extrapolation of log intensity-response curve for positive phototaxis to zero

response; two separate experiments. Spectral composition of light estimated from filter transmission, assuming
black body radiation at color temperature 2,700°K. Maximum at 530 nm; half band width, 465 to 570 nm.
Quantum absorption estimated from absorption spectrum of bovine rhodopsin (242).

'Nultsch (198). Extrapolation of log intensity-response curve for positive phototaxis to zero response.
' Haildal (103). Threshold for visible gradient of celi concentration in 2 min. Because he did not wait for

aggregation to stop, we assume Nrt = 120. min at 405 nm reported as 0.15 erg cm2 s-' (positive phototaxis) and
0.80 erg cm-2 s'- (negative phototaxis). These values were converted to min at 500 nm by using the action
spectra of Haildal (102). The absolute values of Imi (102) seem inconsistent with Haildal (101, 103).

k Schletz (226). Extrapolation of intensity-response curve for positive phototaxis to zero response.
'Gossel (88). Threshold for visible accumulation (negative) in 6 min, Nrt = 180. Assumes (r(410 nm) = 0.8

Or(472 nm); 4r x dichroism = 0.15.
m Creutz and Diehn (45). Threshold for orientation to polarized light. Cells positively phototactic. Assumes

<pr x dichroism = 0.3, Nrt = 1.
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the discrepancy is probably caused by the inac-
curacies in this method ofestimating the absorp-
tion of the paraflagellar body.
We can also make a rough estimate of the

amount of photoreceptor pigment in Chlamy-
domonas from the size of the eyespot. We as-
sume that the receptor pigment is rhodopsin,
that the pigment lies in a single membrane with
the same area as the eyespot, and that the
eyespot has a diameter of 1.5,um. We take as an

upper limit to the rhodopsin concentration 8.7
x 104 molecules peru,m2 (Halobacterium purple
membrane [112]) and as a lower limit 2 x 104
molecules per,im2 (bovine rod [136]); this gives
values for the Chlamydomonas of 1.5 x 105 and
3.5 x 104 molecules per receptor, respectively.
This is within the range of our estimates, al-
though on the low side. If the internal mem-
branes of the eyespot contain receptor pigment,
the total amount could be greater by a factor of
10 than the amount in the plasmalemma alone.
Cryptomonas is exceptional in that its action

spectrum for phototaxis, maximum at 560 nm,
coincides with the absorption peak for phycoer-
ythrin clearly visible in the absorption spectrum
of the extracted pigments. Here the eyespot is a
small region of the chloroplast almost com-

pletely separated from the rest of the chloro-
plast. We estimate that the thylakoid mem-
branes in the eyespot have a total area of 1 to 2
,um2, large enough to accommodate the esti-
mated amount of photoreceptor pigment (phy-
cobiliprotein) in the intrathylakoid spaces (85,
86).

In most algae there is no peak in the absorp-
tion spectrum of the extracted pigments that can
be identified with the photoreceptor pigment,
implying that the amount of photoreceptor pig-
ment is at least 10 to 100 times less. This obser-
vation is particularly significant for the green
algae, for which the peak absorption of the bulk
pigments is clearly separated from the peak ab-
sorption of the photoreceptor pigment. Nultsch
et al. (201) report the content of chlorophyll and
carotenoids, the main bulk pigments, in Chla-
mydomonas. From these values we estimate that
the cells contain about 7 x 108 molecules of
chlorophyll and 4 x 108 molecules of carotenoid
per cell, almost 4 orders of magnitude greater
than our estimate of photoreceptor pigment.
This sets an upper limit to the photoreceptor
pigment content in Chlamydomonas that is
about 100 times our miniimum estimate.
The foregoing comparisons suggest that our

estimates of receptor pigment content are of the
right order of magnitude. From them we can

judge the scale of operation required to isolate
the photoreceptor pigment. The results are en-

couraging. Compared with many biologically ac-
tive compounds, the concentration of photore-
ceptor pigment is not particularly low. If, for
example, Chlamydomonas contains 1.5 x 105
photoreceptor molecules with E = 40,000 liters
mol-' cm-', then the pigment extracted from 20
liters of cells grown to 6.5 x 106 cells per ml and
dissolved in a volume of 1 ml would have an
optical density of 1.3 and be readily detectable.
Quantities sufficient for chemical characteriza-
tion should be obtainable. Moreover, given
knowledge of the location of the receptors, esti-
mation of receptor pigment content in cultures
by biochemical assay should be straightforward.
Accurate experimental values of photoreceptor
pigment content should clarify the relationships
among the other quantities that determine
threshold. This is important for understanding
both the physiology and the biological role of
phototaxis.

Action Spectra: Identity of Photoreceptor
Pigment and Mechanisms of Producing

Directivity
Usually the purpose of measuring an action

spectrum (response versus wavelength) is the
identification of a photopigment by correlating
its absorption spectrum with the action spec-
trum. Action spectra are particularly useful for
studying receptor pigments in photobiological
processes like phototaxis, for which the receptor
has not been analyzed biochemically. Consider-
able information is already available about the
different receptor pigments in algal phototaxis,
and we believe that their chemical structure will
soon be known. In the following discussion,
therefore, we emphasize the potential value of
action spectra for analyzing how light that
reaches the receptor is modulated by the an-
tenna, or, in other words, the details of the
wavelength dependence of antenna directivity.
In the Appendix we describe a method for ana-
lyzing action spectra based on the intensity-re-
sponse curve (fluence-response curve). This
seems to be the most satisfactory approach
available, but few of the action spectra reported
for phototaxis are based on the intensity-re-
sponse curve. Therefore, we introduce formulas
relevant to the different kinds of action spectra
that have been measured and discuss what can
be learned from them about both the receptor
pigment and the modulation system.
Threshold action spectrum. The threshold

action spectrum is obtained by plotting the re-
ciprocal of the threshold light intensity against
wavelength. It is a composite of the absorption
spectrum of the photoreceptor pigment and the
extinction spectrum of the screen. This action
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spectrum can be derived from equation 34. Sub-
stituting T = 1- A and omitting terms assumed
independent of wavelength, we have

l/Imin(X) c a,(X)A(X)2/[2 - A(X)] (35)
If A(A) is small, it can be omitted from the term
2 - A(A). Even if A(A) is not small, the term 2
- A(A) has only a small effect on the shape of
the action spectrum. Therefore, we have

1/Imin(X) oc ar(X)A(X)2 (36)

where Imin(A) is the threshold light intensity at
wavelength X (in quanta per square centimeter
per second), ar(X) is the absorption cross section
of the photoreceptor pigment at A (in square
centimeters), and A(X) is the fractional absorp-
tion of the screen at X. Note that A = 1 - T =
1 - e-ax (see Absorption). If ax or A is small, A
cx ax. Therefore, A is roughly proportional to
the extinction of the absorber.
Finite-response action spectra. Action

spectra have often been determined by measur-
ing the light intensities at different wavelengths
that produce equivalent responses, by measuring
the response at a constant intensity, or by a
combination of the two. For phototaxis this pro-
cedure has serious disadvantages. As with the
threshold action spectrum, the shape of such
action spectra is complicated, because the ex-
tinctions of both the screen and the photorecep-
tor pigment contribute to them. Also, the shape
varies depending on the particular magnitude of
response or intensity that is chosen as the stand-
ard of comparison. Furthermore, there is no
theoretical justification for assuming that these
action spectra bear any simple relationship to
the extinction spectra of the screen or the pho-
toreceptor. (Indeed, equation A5 in the Appen-
dix implies that the light intensities that produce
equivalent responses are a quadratic function of
the screen and receptor extinctions.) For all of
these reasons, finite-response action spectra are
difficult to interpret, and action spectra deter-
mined from the intensity-response curve are
clearly preferable (see Appendix).
To derive equations for the finite response

action spectrum, we assume that the response is
proportional to the difference in the number of
excitations in the screened and unscreened
phases. This gives R = C(eo - e) = Ceo(l-T),
where C is a constant independent of wave-
length. Replacing eo by the value from equation
32 and remembering that 1 - T = A, we have
for the magnitude of the response R =
CnrraJrITA. If the action spectrum is con-
structed by measuring the intensity that gives
some fixed response at different wavelengths, we
have the equal-response action spectrum

1/I(X) oc oJr(X)A(X) (37)
If the stimulus light contains equal numbers

ofquanta at each wavelength, we have the equal-
stimulus action spectrum. I(A) is constant, so
that

R oc aJr(X)A(X) (38)
If both intensity and response are allowed to

vary, we obtain the response-per-intensity action
spectrum

R/I(A) oc ur(X)A(X) (39)

The equal-response, equal-stimulus, and re-
sponse-per-intensity action spectra have the
same form, all being proportional to the product
of the receptor and screen extinctions.
Algae with layered eyespots. (i) Volvox.

Schletz (226) made a detailed study of screening
in Volvox, a colonial green alga. This organism
contains from one thousand to several thousand
cells arranged in a single layer on the surface of
a hollow sphere up to 1 mm in diameter. Each
cell has two flagella, directed outward. The col-
ony rotates about a fixed axis, and translates in
a direction nearly parallel to the rotation axis.
The stop response given by individual cells, a
cessation of flagellar movement when illumina-
tion on the cell increases, is used for phototaxis.
When a colony deviates from the light direction,
rotation of the colony causes some cells to pass
from the shaded to the lit side, whereupon their
flagella stop beating. Continued activity of the
other flagella steers the colony toward the light
(87, 104, 123, 222).

Schletz measured the action spectrum of the
stop response, finding a single peak at about 490
nm (Fig. 16b). Because the stop response does
not require modulation by the screen, the action
spectrum should correspond to the absorption
spectrum of the photoreceptor pigment. (In
some orientations of the cell the bulk pigment
screens out some of the light before it reaches
the photoreceptor, but the effect on the action
spectrum is small.) On the basis of the action
spectrum, Schletz concluded that the photore-
ceptor pigment is a carotenoprotein. As shown
in Fig. 16b, the action spectrum is close to the
absorption spectrum of vertebrate rhodopsin.
The threshold action spectrum for phototaxis

is reproduced in Fig. 16a. The spectrum has a
maximum at 490 nm, corresponding to the ab-
sorption maximum of the photoreceptor pig-
ment, and a shoulder at 430 nm. A measure of
the wavelength dependence of the screen can be
obtained by applying equation 36 to the action
spectrum. Rearranging and taking the square
root, we have for the fractional absorption of the
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v Um-

FIG. 16. Volvox spectra. (a) Threshold action spec-
trum for oriented swimming. (b) Action spectrum for
stop response. Solid lines (a) and (b) are the absorp-
tion spectra of cattle rhodopsin (242). (c) Estimated
extinction of screen calculated from (a) and absorp-
tion spectrum of rhodopsin by using equation 40.
Volvox data are from Schletz (226). Note that in all
spectral plots the ordinate is a logarithmic plot of
extinction or responseper number ofphotons and the
abscissa is linear with respect to wave numbers (en-
ergy). In this plot Gaussian absorption bands are
symmetrical and have linear tails. Shape is not al-
tered by position on the ordinate, and absorption
bands throughout the ultraviolet and visible spectra
have about the same widths.

screen

A(X) oc [Imjn(X)ar(X)]05 (40)
Because of the similarity between the stop re-
sponse action spectrum and the absorption spec-
trum of rhodopsin, we estimate ar(X) from the
absorption spectrum of cattle rhodopsin (24,
242). The calculated values of A(X) are plotted
in Fig. 16c. These values suggest that the screen
is a combination of absorption (primarily by the
chloroplast), scattering, and, in the region from
475 to 550 nm, reflection and interference in the
eyespot. The quarter-wave properties of the
eyespot extend the usefulness of the screen to
these nonabsorbing wavelengths.

(ii) Chlamydonona&. The equal-response
action spectrum is one of the most common
types in sensory physiology, but in phototaxis it
is represented only by the action spectrum of
Nultsch et al. (201) for Chlamydomonas. Their
data are reanalyzed and discussed below (see
Intensity-Response Curve). The action spec-
trum and the extinction spectrum of the screen
calculated from this analysis are shown in Fig.
17.

(iii) Platymonas. Haildal (102) measured the
threshold action spectrum for phototaxis in Pla-
tymonas over the range of 220 to 560 nm. This
spectrum and the computed extinction spectrum
of the screen are shown in Fig. 18. As Haildal
points out, the action spectrum suggests a caro-
tenoprotein, the absence of a peak around 370
nm excluding a flavin receptor.
The screens in Volvox, Chlamydomonas, and

Platymonas all have appreciable extinction in
the range of 475 to 550 nm, at which the receptor
has maximum absorption and at which absorp-
tion by bulk pigments is low (Fig. 16, 17, and 18).
This extinction is probably caused by reflection
and interference in the eyespot and is greatest
in Volvox, which has the largest number of
layers. It is least in Platymonas, which has the
smallest number of layers. In Platymonas the
effect of reflection and interference is probably
small compared with the effect of absorption.

Dinoflagellates. Action spectra for photo-
taxis have been obtained for species of Gyrodi-
nium (77, 78), Gymnodinium (79), Peridinium

I'm_l
FIG. 17. Chlamydomonas spectra. (a) Action spec-

trum for phototactic aggregation. (b) Reciprocals of
intercept intensities from linear plots of response
versus log intensity. By theory these intercepts should
beproportional to the absorption ofthephotoreceptor
pigment. Solid lines (a) and (b) are absorption spectra
of cattle rhodopsin (242). (c) Slope of lines obtained
byplotting response versus log intensity at each wave-
length. By theory the slopes should be proportional
to the extinction spectrum of the screen. (d) Absorp-
tion spectrum of bulk pigments calculated from ab-
sorption spectra of chlorophyll a and b (216) and /8-
carotene (240) and concentrations in cell (201). The
maximum of (c) coincides with thepeak absorption of
the bulk pigments in (d). Chlamydomonas data are
from Nultsch et al. (201).

MICROBIOL. REV.



ALGAL PHOTOTAXIS 603

E

.00

.cc
0a0

0)
0

Sv.-(

0,1.

vI//I l
FIG. 18. Platymonas spectra. (a) Threshold action spectrum for positive phototaxis (102). (b) Threshold

action spectrum for negative phototaxis (102). (c) Estimated extinction of screen during positive phototaxis
calculated from (a) and absorption spectrum ofrhodopsin (24) using equation 40. (d) Estimated extinction of
screen during negative phototaxis calculated from (b) and the absorption spectrum ofrhodopsin (24) by using
equation 40.

(101), and Gonyaulax (101). Figure 19 shows the
action spectra for phototaxis and the stop re-
sponse in Gymnodinium. In all of these action
spectra there is a peak around 280 nm and one
in the region of 450 to 475 nm. There is little
absorption in the 370-nm region, where flavopro-
teins usually have a peak. The spectra are suf-
ficiently similar to each other and sufficiently
different from those of other algae to suggest
that a distinctive receptor pigment is involved.
The visible peak is at a shorter wavelength than
that of ordinary rhodopsin, but the spectrum
resembles that of many carotenoids.
One possible receptor is a peridinin protein,

an accessory pigment for photosynthesis (232).
The very high threshold ofGymnodinium shown
in Table 1 indicates that only a small portion of
the total peridinin would be involved in photo-
taxis. Unfortunately, the threshold of Peridi-
nium balticum has not been investigated. Ac-
cording to this interpretation the dinoflagellates
resemble Cryptomonas, for which there is good
evidence that a small portion of an accessory
pigment is used for phototaxis.
Another possibility is that the receptor pig-

ment is a form of rhodopsin in which the main
absorption peak is shifted toward the blue from
the position seen in Chlorophyceae. Such rho-
dopsins have been found in higher organisms

(155). The probable location of the receptor
pigment in the plasmalemma (see Tracking An-
tenna Designs), as in Chlorophyceae, makes rho-
dopsin a plausible choice.
Prorocentrum is different from the dinoflagel-

lates discussed above, a desmophycean rather
than a dinophycean in some classifications (23).
Consistent with this difference is a marked dif-
ference in the action spectrum, which peaks at
570 nm, like Cryptomonas, instead of at 450 to
475 nm (101). As in Cryptomonas, some acces-
sory pigment is probably involved.
Cryptomona& The equal-stimulus action

spectrum for phototaxis in Cryptomonas (244) is
shown in Fig. 20a. The absorption spectrum of
the extracted phycobiliproteins, mostly phycoer-
ythrin with possibly some phycocyanin, is shown
in Fig. 20b. The screen extinction, calculated by
equation 38, is shown in Fig. 20c. This suggests
a carotenoid shade such as that provided by the
large pigment granules of the eyespot. The peak
at 600 nm (if significant) may indicate that phy-
cocyanin is more effective in producing the re-
sponse than is phycoerythrin. (If a small amount
of phycocyanin produced a disproportionally
large receptor activity, the estimated photore-
ceptor spectrum of Fig. 20c would be too snall
at 600 nm, and the estimated screen would be
too large there.) This is plausible if phycoery-
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FIG. 19. Gymnodinium spectra. (a) Phototactic.ction spectrum calculated from the data in Fig. 2b of
Forward (79) and by using his Fig. 3 to convert ordinate to relative response per quantum. (b) Threshold
action spectrum for stop response (79). (c) Estimated extinction of screen calculated from (a) and (b) by using
equation 39.

thrin and phycocyanin are in close proximity
and phycoerythrin, which absorbs at the shorter
wavelength, transfers its excitation energy to
phycocyanin, as occurs in photosynthesis (85).
Euglena Fig. 21a shows a response-per-in-

tensity action spectrum for accumulation in a
lighted region of a cell suspension (38). We ask
whether light modulated by the stigma could
produce the result observed. From the experi-
mental design, it appears that the accumulation
is caused by more than one stimulus: by photo-
taxis, by transient response to turning on the
light, and by transient response when cells swim
across the light-dark boundary. As pointed out
by Diehn (53) and Checcucci et al. (38), the
action spectrum resembles the absorption spec-
trum of a flavoprotein. This does not rule out
participation of the stigma in the response. The
extinction spectrum of the stigma, measured in
the living cell by Wolken (248), is shown in Fig.
21b. This extinction spectrum, rather than the
absorption spectrum of the extracted pigments,
is the proper one to use because it includes
attenuation of the light by both absorption and
scattering. Because of scattering, the spectrum
is almost flat from 420 to 510 nm. Consequently,

the screen has little effect on the action spectrum
in this region, and the estimated photoreceptor
absorption, shown in Fig. 21c and calculated
from equation 39, differs from the action spec-
trum mainly in the relative height of the peak at
380 nm, where stigma screening is lower. Fig.
21d shows the action spectrum for response to
repetitive flashes of light, a response that should
be less influenced by phototaxis. The similarity
of this curve to Fig. 21c is consistent with in-
volvement of screening by the stigma in photo-
taxis.

Intensity-Response Curve: Identity of
Receptor Pigment, Mechanisms of
Producing Directivity, and Pigment

Regeneration Rate
Rate-sensitive, matched-filter processing by

the detector provides a good signal independent
of absolute intensity (see Signal Processing).
Nevertheless, some important properties ofpho-
tosensory systems change markedly with light
intensity. Examples of such systems among the
microorganisms are the light-growth response
and phototropism in Phycomyces (see Fig. 8 of
reference 83) and the probability of reversal of
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FIG. 20. Cryptomonas spectra. (a) Equal-photon

action spectrum. (b) Absorption of extracted phyco-
biliprotein. (c) Estimated extinction of screen calcu-
lated from (a) and (b) by using equation 38. Crypto-
monas data are from Watanabe and Furuya (244).

swimming direction by Halobacterium in re-
sponse to blue-green light (K. W. Foster and H.
C. Berg, manuscript in preparation). The proc-
essing filter of algae is also likely to change with
intensity. By analogy with well-studied systems,
we would expect the memory time to become
shorter with increasing intensity and the error
in phasing of the response to decrease. In this
section we show how we can learn more about
modulating screens and receptor pigments from
studying behavior as a function of intensity.
When considering the relationship between

magnitude of response and stimulus intensity in
algal phototaxis, it is important to keep in mind
the various ways in which sensory physiologists
have studied this relationship in other orga-
nisms. There are three main methods, which
differ in the variable that is held constant. In the
classical technique pioneered by Weber, the re-
sponse is held constant, the background level of
stimulus is varied, and the fractional increase in
stimulus required to produce the fixed response
is measured. In the second method, the back-
ground stimulus is held constant, and the re-
sponse is measured when the stimulus is raised
to different levels above the background. As the
stimulus intensity increases, the response typi-
cally rises in a hyperbolic curve to some maxi-
mum (149). In the third method, the fractional
change in stimulus is held constant and the
response is measured at different background
levels of stimulus. In these experiments, as the

background level increases, the response rises to
a maximum and then declines, forming a more
or less symmetrical peak when response is plot-
ted against log intensity. For interpreting pho-
totaxis, it is important to understand that only
the third type of experiment can be done on
freely swimming algae. The cells respond to light
modulated by screening, and a screen removes
a fixed fraction of incident light. As would be
expected, when rate of aggregation is plotted as
a function of log light intensity, curves with a
single maximum are obtained (76, 198, 201).

In the Appendix we describe how we believe
intensity-response curves for phototaxis should
be analyzed. Because they yield action spectra
for both the receptor and the screen and provide
a value for the regeneration rate of the receptor
pigment, they are fundamental for studying pho-
totaxis. In the next section we apply the ap-
proach derived in the Appendix to published
data on Chlamydomonas.
Chlamydomonas action spectra and re-

generation rate. Nultsch and co-workers (201)
studied phototaxis in Chlamydomonas, a uni-
cellular green alga with two flagella. Using the
rate of phototactic accumulation as a measure
of response, they obtained the equal-response
action spectrum reproduced in Fig. 17a. The

vimi1
FIG. 21. Euglena spectra. (a) Response-per-inten-

sity action spectrum for accumulation in a lighted
region after light turned on (38). (b) In vivo extinction
spectrum of stigma (248). (c) Estimated extinction of
photoreceptor pigment, calculated from (a) and (b) by
using equation 39. (d) Response-per-intensity action
spectrum for accumulation in region illuminated by
repetitive 250-ms pulses of light (38).
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action spectrum is bimodal, with a main peak at
503 un and a secondary peak at 443 nm. Such
bimodal action spectra are characteristic of pho-
totaxis in green algae and many dinoflagellates
(101). To calculate the action spectrum, Nultsch
et al. measured at each wavelength the response
at three different light intensities in the linear
part of the log intensity-response curve. They
then found by interpolation the light intensity
that gave a particular (arbitrarily chosen) mag-
nitude of response. We will now show that the
same data can be used to construct intensity-
response action spectra as described in the Ap-
pendix.
From the log intensity-response curves we

obtain intercept values Io whose reciprocals are
plotted against wavelength in Fig. 17b. The ac-
tion spectrum has a single maximum around 500
nm. This curve should represent the absorption
spectrum of the photoreceptor pigment, and we
have plotted for comparison the absorption spec-
trum of cattle rhodopsin (242). Except for the
point at 513 nm, the agreement between the two
curves is very close, though more points above
500 nm are needed to complete the comparison.
Evidence from two other green algae agrees with
this, showing that the photoreceptor pigment
has a single absorption maximum around 500
nm: the action spectrum for the stop response in
Volvox (221, 226) (see Action Spectra), and the
action spectrum for a light-induced change in
electrical potential in Haematococcus (151).
(The latter action spectrum has a number of
secondary maxima and minima which may be
artifacts. They could be caused by variation in
light intensity from one flash to another.)

Slopes of the log intensity-response curves are
plotted in Fig. 17c. Since theory predicts that
this action spectrum is proportional to the ex-
tinction spectrum of the screen, we have plotted
for comparison the combined absorption of the
bulk pigments (Fig. 17d), estimated from the
measured pigment composition (201). The ac-
tion spectrum of the screen has a single broad
peak coinciding with the maximum absorption
of the bulk pigments, an indication that these
pigments contribute significantly to the screen.
(Curry and Thimann [46] have argued that
screening should produce only a small effect on
an action spectrum. We see that this conclusion,
when applied to phototaxis, is sometimes valid
[Euglena] and sometimes not [Chiamydo-
monas].)
The extinction spectrum for the screen in

Chiamydomonas (Fig. 17c) is much flatter than
the absorption spectrum of the pigments, sug-
gesting that reflection from the eyespot and
scattering are also involved. Even though the
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absorption maximum of the photoreceptor pig-
ment occurs at 500 nm, where the screening
pigments have weak absorption, reflection and
interference are strong enough there to produce
adequate contrast for phototaxis.
The absolute Io values from the intensity-re-

sponse curves were used to estimate the rate
constant for photoreceptor pigment regenera-
tion, k2 from equation A7 of the Appendix. The
calculation requires I.., the intensity that gives
maximum response. If the data fit the ideal
curve of Fig. 27, then Imax would be 21 x Io. But
the data do not fit this curve closely. Nultsch et
al. determined the complete intensity-response
curve for white light, and on this curve Imax = 55
x Io. We argue in the Appendix that Io/Imax is
the same in white light as in monochromatic
light. We therefore used k2 = 40,r(X)10(A) x 55,
assuming that 4r = 0.67 and calculating ar(X)-
from the absorption spectrum of cattle rhodop-
sin (242). Omitting the possibly aberrant point
at 513 nm, we had 8 estimates of k2, which
averaged 0.0046 (±0.0003) s-'. This gives 1/k2
= 3.6 min, comparable to the value 1/k2 = 1 mi
found by Rushton and Henry (219) for human
cones and 4 orders of magnitude greater than
the value found by Marcus and Aaron (168) for
Halobacterium rhodopsin.

I..X is the light intensity at which phototaxis
is most effective, and presumably it is set by
selection to the light intensity at which photo-
taxis is most advantageous. I.. is determined
by k1 and k2. During its evolution the organism
probably had little control over k1. The small
number of compounds that serve as photorecep-
tors appear to have been selected to provide the
highest attainable absorption and quantum ef-
ficiency. On the other hand, the organism does
have control over k2, and this quantity is prob-
ably varied to adapt different algae to different
photic environments. (The organism also has
control over the amount of photoreceptor pig-
ment, which by determining threshold deter-
mines the range of phototactic sensitivity [see
Threshold].) Comparative studies of k2 should
be informative, but little information is avail-
able. For Chlamydomonas, Nultsch et al. found
in white light that Im. = 10' lx, equivalent to
10-2 times full sunlight. This low value may
imply that this strain, and possibly soil algae in
general, use phototaxis more to guide the organ-
ism out of the soil, where the light intensity is
low, than to keep the cells oriented once they
are in the light. I.. for phototropism in Phyco-
myces (83) is about the same as Imax in Chla-
mydomonas (198), whereas Im,, for blue-green
response in Halobacterium corresponds to full
sunlight (Foster and Berg, in preparation).
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Polarized Light: Characterization of the
Dichroic Crystal Detector in Euglena

We discussed above the ultrastructural and,
physical evidence that Euglena has an oriented
crystal detector (see Antenna Structures) and
the evidence that the receptor pigment is a
flavoprotein (see Action Spectra). In this section,
we consider the behavioral consequences of this
kind of detector, basing our discussion on the
polarized light experiments of Diehn and co-
workers.
To interpret these behavioral results it is nec-

essary to consider how the electronic transition
moments for absorption at different wavelengths
are oriented with respect to the flavoprotein
molecule. The action spectrum (Fig. 21a, d) re-
sembles the absorption spectrum of flavoqui-
none, the oxidized form of flavin (111), modified
by stacking interaction between the isoalloxa-
zine ring of the flavin, and tyrosine or trypto-
phan in the protein (177, 178). Flavins typically
have three main absorption peaks, one in the
blue around 450 nm, one in the near ultraviolet
around 370 nm, and one at 280 nm. Stacking
interaction adds absorption around 390 and 485
nm. The action spectrum ofPhycomyces (49,81)
implies that this receptor also has strong absorp-
tion at these wavelengths and significant stack-
ing interaction. Probably this interaction is sig-
nificant for function in both Euglena and Phy-
comyces.
The main electronic transition moments for

each of these peaks are not parallel. To a first
approximation we may suppose that the 450-
and 280-nm transition moments are in the plane
of the isoalloxazine ring, with the 450-nm mo-
ment close to its longest dimension and the 280-
nm moment close to its shortest dimension; the
370- to 390-nm transition moment has a signifi-
cant component normal to the 450-nm transition
moment (231). With such an arrangement of the
transition moments, a receptor could be formed
that would absorb primarily blue but not near-
ultraviolet light in one orientation, and primarily
ultraviolet but not blue light in another orienta-
tion. This is the effect observed by Diehn (53) in
action spectra measured in polarized light.
Diehn measured aggregation changes of cells in
a tube, a small region of which was illuminated
with stimulating light. He found opposite effects
in blue and near-ultraviolet light depending on
whether the plane of polarization was parallel or
perpendicular to the tube. This result implies
that the cells were oriented in the tube at the
time they were stimulated, but the experimental
arrangement makes it uncertain what the ori-
entation was. The experiment therefore detects
dichroism, but does not give the orientation of

the molecules in the photoreceptor.
Another effect of polarized light, discovered

by Creutz and Diehn (45), does permit a conjec-
ture about the orientation of the receptor mol-
ecules. Cells swinming in a thin cuvette were
illuminated from above with blue (472-nm) po-
larized light. The cells accumulated at the upper
wall, many swimming in the horizontal plane.
The horizontally swimming cells showed a
marked tendency to orient with their long axes
perpendicular to the plane of polarization.
Creutz and Diehn interpret this result on the
basis that the cells accumulate in the orientation
where the receptor absorbs the most light. It
seems more likely to us that they accumulate in
the orientation where the receptor absorbs the
least light. The argument, briefly, is this. The
cells are positively phototactic. This means that
when the light is modulated by rotation of the
cell, the cell turns toward the direction where it
senses the least light. If a cell moving mostly in
the horizontal plane and exposed to polarized
light senses light modulated by receptor dichro-
ism, it will still turn in the direction where it
senses the least light. Since the cells line up
perpendicular to the plane of polarization, this
implies that the resultant (vector sum) of the
blue light transition moments of the receptor
molecules lies parallel to the long axis of the cell.
Two testable predictions can be made from

this interpretation. One is that negatively pho-
totactic cells should orient with their long axes
parallel to the plane of polarization. The other
is that polarized light at 370 nm should not cause
orientation perpendicular to the plane of polar-
ization in positively phototactic cells. It is un-
clear whether ultraviolet light will produce ori-
entation parallel to the plane of polarization.
The approximate orientation in the photorecep-
tor of the resultant transition moments at the
three absorption peaks could be determined by
observations on single cells. The probability of
response to a step change in light intensity
should show a maximum at a particular orienta-
tion of the cell with respect to the plane of
polarization.

Polarized light is useful in detecting receptor
dichroism, but light in the natural environment
of algae is only partially polarized (155). It is
unlikely that polarization of the light is an im-
portant cue for phototactic orientation. As dis-
cussed above, however, dichroism produces di-
rectivity in unpolarized light. If, as we suspect,
the transition moment for blue light is parallel
to the long axis of the cell, absorption will be
minimum when the cell is parallel to the light
and increase with increasing inclination to the
light. As we will show (see Signal Processing),
this arrangement seems necessary for close-an-
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gle tracking. This increase in directivity due to
the orientation of the dichroic crystal receptor
supplements the directivity caused by stigma
screening.

Discussion of Receptor Pigments
This survey of receptor pigments reveals that

there have been at least three different patterns
in the selection of a pigment for phototaxis from
among the pigments available in the cell. First,
the algae that we believe use rhodopsin have
used a single pigment with unique properties to
perform a single function. Presumably, retinal,
the chromophore of rhodopsin, is produced as a

branch from the pathway of carotenoid biosyn-
thesis. Second, the forms that use flavoproteins
have taken one of the dozens of flavoproteins in
the cell and incorporated it into the photorecep-
tor. Third, other forms have taken a photosyn-
thetic accessory pigment system present in high
concentration and incorporated part of it into a

specialized structure.
It seems likely that rhodopsin is the pigment

used in the chlorophycean receptors and possi-
bly in the quarter-wave stack antennas of dino-
flagellates. (Present evidence cannot distinguish
between the possibilities that the receptor pig-
ment is rhodopsin or a carotenoprotein such as

that which serves as an accessory pigment in
chloroplasts.) In these forms the retinal chro-
mophore probably lies in the plane of the mem-
brane layers of the antenna just as it does in the
Halobacterium membrane (235) and in verte-
brate rods (74). This orientation of the chromo-
phores would produce the greatest contrast at
the interference maximum. Rhodopsin could
provide rapid communication of a signal to the
flagella via ion currents or potential changes
(151), as it may in higher organisms (100). It is
even possible that the receptor in green algae, if
it is rhodopsin, is homologous with vertebrate
rhodopsin. These protists might therefore serve

as excellent eucaryotic model systems for ver-

tebrate photoreceptors. This is particularly true
of forms such as Chlamydomonas, whose ge-
netics is well developed.
The second pattern of pigment development,

best characterized by the crystalline paraflagel-
lar body of Euglena, is probably common to all

of the euglenoid algae. The interesting, and pos-
sibly unique, property of these receptors is that
they are three dimensional. The low threshold
of Euglena, the lowest of all of the algae in
Table 1, implies that all of the pigment mole-
cules in the crystal are effective in photorecep-
tion. Probably very few biological receptor pig-
ments could be placed in a three-dimensional
array and still retain their function. Taken to-

gether with the dichroic properties of the recep-
tor, which show that the array is ordered, this
implies that some process such as excited-state
transfer must occur within the crystal to allow
each pigment molecule to communicate with the
processor. One clue to the physical mechanism
comes from the detailed action spectrum, which
implicates stacking interaction of the chromo-
phores with tyrosine or tryptophan from the
protein. Analysis of the mechanism of excited-
state transfer in Euglena and investigation of
whether similar crystalline structures occur in
Phycomyces might be useful approaches to
studying these flavin-response systems.
The third pattern, modification of a chloro-

plast structure and use of accessory pigments as
receptor, is seen in Cryptomonas. The dinofla-
gellates might follow the same pattern, with
peridinin-protein being used by Gonyaulax, Per-
idinium, Gymnodinium, and Gyrodinium and
an unknown accessory pigment being used by
Prorocentrum micans.

In warnowiacean dinoflagellates with ocelli,
the retinoid is the presumed receptor structure.
It is formed of lamellae arranged approximately
end on with respect to the light. Lack of behav-
ioral information prevents any conjecture about
either the chemical nature of the receptor pig-
ment or the orientation of the chromophore.
For the purpose of this article we made the

assumption that we know the chemical nature
of the photoreceptor pigments well enough that
we could use the known absorption spectra of
these compounds to analyze the phototaxis ac-
tion spectra. This enabled us to obtain infor-
mation about the spectral properties of the
screen. This approach was particularly success-
ful with the green algae. Here, the degree of
effect of the screen between 475 and 550 nm is
roughly proportional to the number of quarter-
wave layers it contains. An important conclusion
emerges from this comparison. For the quarter-
wave properties of the stack to be effective, the
receptor pigment must be an integral part of the
structure. Moreover, its effectiveness requires
that the interference properties of the stack (as
opposed to its reflective properties alone) be
utilized. Therefore, the receptor pigment must
lie in the membranes at the interference maxima
of the stack. Knowledge of the location of the
receptor pigment is essential for isolation and
biochemical identification ofthe pigments, study
of communication from the pigments to the site
of action, and investigation of the molecular
details of signal processing. Ultrastructural stud-
ies using the freeze-fracture technique (29, 182,
193) should be particularly valuable for studying
pigment location and other aspects of the design.
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ANTENNA FUNCTION IN PHOTOTAXIS

In previous sections we presented structural
evidence that algal cells contain directional light
detectors, and we considered behavioral evi-
dence that these detectors are used in photo-
taxis. We shall now consider how the detectors
work. We can understand their function in pho-
totaxis in broad outline, even though important
experimental details are still lacking. In brief,
the organism by its own motion performs a

spatial scan of its light environment. The result-
ing signal is processed so that information about
the direction and amplitude of the error in track-
ing is sent to the responder. This signal feeds
back to control the flagella as indicated in Fig.
3, and the system orients the cell body to the
light direction. We now consider each of these
processes in detail.

Signal Production: Scanning by Cell
Motion

The spatial scan performed by an algal cell is
similar to the familiar process of rotating a home
TV antenna to pick up the strongest signal. But
there are important differences. The algal cell

does not rest on a stable platform relative to the
source, and it must scan continuously to main-
tain its orientation. Moreover, the cell does not
look for brightest intensity, but for light direc-
tion. A better, but less familiar, analogy is a

conically scanned tracker, sometimes used for
tracking planes, missiles, or stars. All available
evidence indicates that algae track by means of
conical scanning. One of the major advantages
of this technique, in both engineering and bio-
logical applications, is that only one sensor is
required, and only one signal must be processed.
We explain the principle of conical-scan track-

ing, which is basic to subsequent discussion, by
reference to fire-control radar, used for tracking
airplanes in World War II (see Biberman, Chap-
ter 4 [19]). In such trackers, a radar antenna is
continuously rotated about a single axis, but the
antenna is tilted slightly so that its direction
makes an angle ofa few degrees with the rotation
axis (Fig. 22a). The signal consists of radiation
reflected from the target and would be maximum
if the target were on the optical axis of the
antenna, but the antenna does not point at the
target. It scans a circle in space, with the target
situated somewhere within the field of the scan.
The direction toward which the rotation axis

points can be changed by servomotors. The pur-
pose of the servo control is to position the target
in the center of the scan. The essential point is
that when the tracker is on target, the rotation
axis, and not the antenna direction, is aligned

with the target. From now on we will refer to
the rotation axis as the tracking direction.
Because the antenna points at an angle to the

target, the signal it receives is less than maxi-
mum. If the target were not moving, and the
tracking direction were aligned with the target,
the signal would be constant during the entire
scan. When the target moves away from the axis,
the signal becomes greater in one part of the
scan and smaller in the other parts. It is greatest
when the antenna points most closely toward
the target, that is, when both the target and
antenna directions are on the same side relative
to the tracking direction. This periodic signal,
usually called the error signal, contains two
pieces of information: the phase gives the direc-
tion of the target from the tracking direction,
and the amplitude gives the angular distance.
During tracking, the servomotors turn the device
toward the direction from which the signal is
maximum, thus nulling the amplitude of the
error signal (Fig. 22b). Phase information is both
necessary and sufficient for tracking, but
smoother tracking is obtained when the ampli-
tude information is also used, that is, by making
the rate of servo turning proportional to the
amplitude. The error signal is not, of course, a
simple sine wave. It is constantly being altered
by both the motion of the target and the re-
sponse of the servo drive. The tracker thus op-
erates in a closed loop, the tracking servo loop.
Although algae use the same tracking princi-

ple (Fig. 22c), there are quantitative differences
that are instructive to consider. First, we define
two angles, the scan angle O and the phasing
angle 6, that describe the orientation of the algal
antenna to its tracking direction (Fig. 23). We
assume that the organism is swimming in a
uniform helical path, and that its body maintains
a fixed orientation to the axis of the helix. The
axis of the helix is the tracking direction of the
phototactic system, pointed in the direction of
the net movement of the cells. We have already
defined the direction of the antenna as the di-
rection of maximum directivity (see Antenna
Structures). The scan angle is simply the angle
between the antenna and the tracking direction.
To define the phasing angle, consider the plane
formed by the tracking direction Vand its nor-
mal it passing through the center of the cell
(Fig. 23b). The angle between this plane and the
plane forned by the antenna and tracking direc-
tions is the phasing angle 6, positive in the
direction of rotation.
For a particular tracking direction, the scan

angle and the directivity of the antenna deter-
mine the pattern of light intensity received by
the antenna. A change in the phasing angle will
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Algal

FIG. 22. Scanning. (a) Airplane tracker in which a highly directional radar antenna is scanned in a circle
around the tracking axis (after Fig. 4.5 ofBiberman [19]). Solid and dashed lines are polar plots of antenna
directivity in two positions of the antenna. Small arrows show direction of rotation of antenna. (b) Projection
of the direction of the antenna (outer circle) onto the plane of the target, showing how successive scans and
corrections (in the direction ofthe arrow) lock the tracker onto the target. (c) Analogous scanning by an algal
cell, illustrated by Chlamydomonas. a is the half-beam width, the angle between half-maximum directivities
of the antenna, and O is the scan angle. Solid arrow indicates the tracking direction. Open arrow indicates
the antenna direction.

not change this pattern, but will change the
timing of the stimulation relative to the orienta-
tion of the cell to the light.

Let us return to the radar analogy. Fire-con-
trol radar was a high-resolution instrument.
Both the scan angle and the antenna beam were
only a few degrees wide. When the tracker lost
the target, the operator intervened to put it back
on again. In algae, on the other hand, both the
scan angle and the beam width are large. In
Chlamydomonas, for example, the scan angle is
900, and the half-beam width of the antenna is
about 600 (Fig. 22c). The phasing angle is not
known in Chlamydomonas (and is not relevant
in the radar example).
A wide scan is acceptable in phototaxis, be-

cause in normal algal environments there is only
one source of light, albeit a diffuse source, and
it is quite dark in other directions (155). A wide
scan means that algae never lose their target,
but can acquire it from any initial orientation. A
wide scan also makes it possible for the cell to
measure the amplitude of the tracking error (the

angle between the average light direction and
the tracking direction over a wide angle.
A wide beam width implies that the antennas

are designed to track diffuse light rather than
point sources. This was first emphasized by
Buder (31), who found that algae exposed to
multiple light sources track the mean light di-
rection, not one of the sources. Mast (174) made
similar observations. This behavior is a direct
consequence of the antenna design we have de-
scribed.
Not all biological trackers are designed for

diffuse light. For example, when the fungus Pi-
lobolus grows under a canopy with several holes
in it, it can shoot its spores through one of the
holes, even when the separation is only 70 (cal-
culated from Jolivette [133]). If one assumes
that the directivity of a biological antenna is the
result of natural selection, then one expects the
directivity to be optimized for distinguishing the
source to which response is most advantageous.
The design is optimal when the directivity
matches the source, that is, when the sensitivity
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FIG. 23. Definition of antenna scanning parameters: scan angle O and phasing angle 0. Q is the dirction
ofnet swimming path, or tracking direction, i.e., the axis of the helix describing the swimmingpath. A is the
antenna direction, and A is the normal from the net swimmingpath through the cell center. (If the center of
the ceU lies on its net swimming path, then 6 will not be defined. Nevertheless, there is an angle between the
direction of the antenna and theplae of response of the cell. It is not known whether this angle is the same
as angle 6.) (a) Hypothesized orientation of cell; (b) direction of vectors.

of the antenna as a function of angle is propor-
tional to the light intensity of the source as a
function of angle (224). If the antenna is too
sharply directional, the direction of the source
will not be distinguished within the width of the
source. If the antenna is too broad, the source
will not be resolved.

If algae are designed for diffuse light, why do
they do such a good job of tracking nearly par-
allel light (Fig. 1)? This appears to be an example
of engineering for the worst case. Biberman (19)
emphasizes that even if a tracker is designed for
the worst signals it is required to handle, it can
still be relied upon to track when the signals are
better. In direct sunlight (parallel light) the in-
tensity distribution at the surface of a body of
water is very narrow (155). Because there is
plenty of light, almost any design will work.
Under conditions in which it is critical for the
system to work (for example, if the sun is not
fully out, or if the algae are deep in the water),
the distribution of the light more nearly coin-
cides with the directivity of the antenna, and the
algae receive the light distribution that they are
optimized to track. It would be an informative
study to determine how much, ifany, correlation
exists between the directivity of algal antennas
and the distribution of light in the natural en-
vironments of the algae.

Despite the great structural diversity from one
group to another, a single design is found in all
of the antennas that have been well described.
The signal is maximum when light is normal to
the helical axis of the cell's swimming path.
Because the cells mostly swim in shallow helices,

this is about the same as saying that the signal
is maximum when the light is nornal to the
swimmiing direction. In most cases the antenna
points more or less normal to the helical axis
and so is scanned 900 from its own rotation axis.
The directivity diagrammed in Fig. 9b may be
taken as typical, though exceptions may be
found. This directivity creates a signal that con-
tains information about both error direction and
error amplitude.
The antenna may have an appreciable phasing

angle. The phasing angle determines how the
cell body will be oriented to the light at the time
the cell responds. We do not know the phasing
angle in unicellular algae, but we can make a
prediction. Most likely it is set so that the an-
tenna has a slight lead over the direction of
response. The argument is as follows. The cell
must turn toward or away from the direction of
the light. In other words, it must turn in the
direction that the antenna points at maximum
or minimum light intensity. Response is delayed
until after maximum or minIimum light intensity
(see Signal Processing). The phasing angle can
be advanced to compensate for this delay, caus-
ing the direction of response to align more
closely with the light direction. This appears to
happen in Euglena, in which the cell turns to-
ward its dorsal side somewhat after the receptor
has entered the shadow of the stigma (54). In
some colonial algae, discussed next, advance of
the phasing angle is obvious.
Among the colonial algae in which phototaxis

has been observed are Volvox, Gonium, Eudor-
ina, Pandorina, Astrephoneme, and Stephan-
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osphaera (118). In these algae the colony con-
tains many antennas, usually one per cell, but
each antenna is scanned in much the same way
as the antennas of unicellular algae. As the col-
ony moves forward and rotates about its fixed
rotation axis, each antenna passes along a helical
path. Gonium (173) and Volvox minor (175)
both rotate left-handedly, and their eyespots are
aimed counterclockwise (when the colony is
viewed from the rear). In this orientation, light
changes occur at the antenna a short time before
the cell is in the correct orientation to respond
to the change. Thus, the phasing angle advance
is similar to what we hypothesize occurs in uni-
cellular algae.

In most colonial algae, the individual cells
show differentiation based on their anterior-pos-
terior position in the colony. Therefore, the col-
ony as a whole performs a more sophisticated
spatial scan of the surrounding light than does
a unicellular alga. In Volvox the cells show two
kinds of differentiation. First, the eyespots de-
crease in size from front to back, the anterior
eyespots having more layers and greater diam-
eter or aperture. The anterior eyespots are also
more curved, so that light is restricted to the
maximum acceptance angles of 900 to 1100 (175).
Posterior cells may entirely lack eyespots. Sec-
ond, farther back in the colony, the eyespots
point more and more toward the rear. Usually,
the most anterior eyespots point about 600 from
the rotation axis, the eyespots a quarter of the
way back point about 1200 from the axis, and
the eyespots in the back half point 1800, i.e.,
toward the rear (173).

If the colony is moving nearly toward the
light, the light intensity on each cell remains
nearly constant throughout the rotation cycle,
and very few cells are stopped at any one time.
Maximum force is therefore available to propel
the colony. Because speed appears to be one of
the main advantages of the colonial form (see
Response), this effect is probably important. If
the direction in which the colony is moving
deviates from the light direction, some cells stop
in the lit part of the colony while those in the
shade are accelerated (221). The greater the
angle of deviation, the greater the number of
cells that stop. This means that in positive pho-
totaxis, the greater the error in direction, the
greater the torque turning the colony back to-
ward the light. This proportional control prob-
ably occurs up to angles of deviation of 120 to
1500. Note that all antennas in the colony scan
at wide angles, as described for unicellular algae.
Each cell acts temporally as if it were unicellular,
but the colony has antennas pointing in nearly
all directions, enabling the colony as a whole to
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react much faster than a unicellular alga.
The antenna array provides proportional con-

trol over a large angle in positive phototaxis, but
over a much smaller angle in negative photo-
taxis. This design seems advantageous because
negative phototaxis usually occurs at higher
light intensities, when the signal is large and less
optimal performance is demanded of the track-
ing system. In this respect the colonial algae
differ from the unicellular algae, which have
proportional control of up to 900 in both positive
and negative phototaxis.

Signal Processing
A fundamental property of sensory systems is

that when an instantaneous stimulus (a pulse) is
given, the response is not instantaneous, but is
spread out in time. As we will see, this property
is essential to phototaxis and in fact is essential
to the biological usefulness of any sensory sys-
tem. The impulse response, the time course of
response after a pulse stimulus, largely deter-
mines the consequences of particular patterns of
stimulation. The impulse response has not yet
been adequately measured for the phototactic
response of any alga. The best published mea-
surements are those (Sakaguchi and Iwasa, 221)
for the time course of flagellar activity in Volvox
carteri in response to large non-physiological
step changes in light intensity. Positively pho-
totactic colonies show a transient increase in
flagellar movement after a decrease in light and
a transient decrease or stopping of flagellar mo-
tion after an increase in light. Because the im-
pulse response is the derivative of the step re-
sponse, and because we would expect it to resem-
ble the impulse response measured in other sys-
tems with similar types of response, we can
predict its form in phototaxis. The predicted
form as shown in Fig. 24 is the same form as the
impulse response measured for the light-growth
response of Phycomyces (150). Here, the re-
sponse, growth rate, is graded. But all-or-nothing
responses may also have the same form of im-
pulse response. For example, Halobacterium re-
sponds to blue-green light by reversing its direc-
tion of swimming. The impulse response de-
scribes the probability of reversal as a function
of time after a pulse of light, and also has the
form shown in Fig. 24 (Foster and Berg, in
preparation). The assumption that the impulse
response for phototaxis has this form leads to
some useful insights into the handling of light
signals in a noisy environment.
The impulse response itself is a laboratory

artifact, because the laboratory is the only place
where receptors receive pulse stimuli. In nature
they receive a constantly fluctuating signal. The
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FIG. 24. Impulse response for a rate-sensitive de-
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impulse response nevertheless can be used to
predict phototactic behavior under normal illu-
mination. By normal illumination we mean that
changes in light intensity are caused by fluctu-
ations and cell motion, but not by large changes
in the source. Under these conditions we can

assume that the system is approximately linear.
This means that (i) the magnitude ofthe impulse
response is directly proportional to the intensity
of the pulse, and (ii) the principle of superposi-
tion holds. Superposition implies that the re-

sponse to a series of pulses is the sum of the
impulse responses to each individual pulse.
Therefore, we can think of the time-varying
stimulus as being made up of a series of pulses.
The resulting behavior is the summation of all
the impulse responses produced by the series of
pulses (205). The equivalent statement in math-
ematical terms is: phototactic behavior is the
convolution of the light intensity with the im-
pulse response. This principle is basic to our

interpretation of signal processing. Figure 3
shows a possible pattern of light intensity and
the appearance of the signal after it has been
convoluted with the impulse response to pro-
duce the processed signal.

Convolution of the light intensity with the
impulse response implies that the impulse re-

sponse acts as a filter through which the organ-
ism perceives its past experience. The shape of
the impulse response determines the aspects of
its experience that the cell remembers. An es-

sential property of the impulse response shown
in Fig. 24 is its biphasic nature. Part of the
response is positive, and part is negative; the
areas under the positive and negative parts are

equal. Figure 24 shows a positive impulse re-

sponse. The impulse response can also be nega-
tive, having the same form but with the sign
reversed. Probably, some kinds of algae have a

positive impulse response for positive photo-
taxis, and others have a negative impulse re-

sponse. When a positively phototactic individual
becomes negatively phototactic, the sign of the
impulse response probably changes (221). For

simplicity, we talk about positive phototaxis and
positive impulse response in the next paragraph,
but the principle is the same for all four sign
combinations.
An impulse response of the form predicted has

a number of important consequences for behav-
ior. (i) The first consequence is finite memory
time. The effect of stimulation lasts only for the
duration ofthe impulse response. (ii) The second
consequence is suppression of high-frequency
noise by integration. A convolution is a sum-
mation or, strictly speaking, an integral. Each
point on the response curve is therefore a kind
of weighted running average of the light inten-
sity taken over the memory time. This tends to
average out any noise in the signal having a
period significantly shorter than that of the im-
pulse response. (iii) The third consequence is
rate sensitivity. Because the impulse response is
biphasic, its convolution with the light intensity
amounts to subtracting one part of the remem-
bered signal from the other part. By measuring
the difference between two parts of the previous
signal, the impulse response measures how rap-
idly the signal is changing. In other words, it
acts as a differentiator. (iv) The fourth conse-
quence is suppression of low-frequency noise by
differentiation. Rate sensitivity implies that only
changes that are appreciable over the length of
the memory time are measured. Low-frequency
changes, those that cause a slow rise and fall in
the base level of the received intensity, are
strongly suppressed. (v) The fifth consequence
is independence of mean light level. Because the
behavior depends only on the rate of change of
the light intensity, not on the absolute level,
phototaxis is effective over a wide range of in-
tensities. (vi) The sixth consequence is band-
pass filtering. We have seen that both high and
low frequencies are suppressed. This means that
the cell is most sensitive to frequencies whose
period is comparable to the memory time. (vii)
The seventh consequence is filter matching.
Maximum response occurs when the impulse
response (reversed in time) exactly coincides
with the variation in light intensity. In general,
the more nearly the pattern of stimulation
matches the impulse response, the greater the
response. The implications of this fundamental
property are discussed below. (viii) The eighth
consequence is phase detection. Rate sensitivity
not only suppresses low-frequency noise but also
guarantees that the cell will know the phase of
the signal, as required for tracking. (ix) The
ninth consequence is phase advance. As we will
see, it is advantageous to the cell that maximum
response should roughly coincide with maximum
light intensity (see Response). However, the
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maximum of the derivative, the quantity sensed
by the cell, occurs a quarter cycle before the
maximum of the light intensity, as is character-
istic of periodic signals. The delay inherent in
matched filter processing compensates for this
phase advance and moves the maximum re-
sponse closer to the maximum intensity. Al-
though the cell senses rate of change, it responds
approximately in phase with the intensity. (A
similar phase advance is important in the pho-
totropic response of Phycomyces [50, 81, 82].)
Maximum response actually appears to occur
somewhat after maximum intensity, the differ-
ence being compensated by the advance of the
phasing angle of the antenna direction (see Sig-
nal Production). (x) The tenth consequence is
proportional control. The magnitude ofthe proc-
essed signal is proportional to the amplitude of
the modulated light intensity. We have already
seen that the latter amplitude is proportional to
the tracking error (see Signal Production). The
cell therefore takes advantage of the tracking
error, achieving more stable tracking through
proportional control of the response.
Matched filter processing is highly immune to

noise because it uses information available
throughout the memory time to detect the sig-
nal. The scheme is widely used in electronics to
extract a known signal from noise (for example,
see Papoulis [205]). Phototaxis uses a known
signal. The purpose of cell rotation and antenna
directivity is to impart to the signal a known
form that enables the processor to find it in the
noise. We would expect the impulse response to
reflect the pattern of light intensity that the
processor is designed to detect. Since the pattern
of light intensity varies, depending, for instance,
on the orientation of the cell, we can say that
the system is optimized for a temporal pattern
of light that is the same as the time-reversed
impulse response.

Full characterization of the phototactic re-
sponse of any alga requires measurement of two
functions: (i) the impulse response and (ii) the
directivity of the antenna. The impulse response
might be measured by observing the response to
pulse signals, but a more effective method, and
one that could also measure antenna directivity,
is white noise analysis (170). Applied to photo-
taxis, this would require modulating the incident
light in a known way and cross-correlating the
observed track with the incident intensity. This
would show the correction that the cell makes
to a source that undergoes small changes. Once
the impulse response was known, it could be
used to determine the correlation between re-
sponse and orientation to the light, a measure of
the antenna directivity.

White noise analysis has another advantage.
We have simplified our story by assuming linear
behavior, but there are always nonlinearities,
which may or may not be important in a partic-
ular experiment. White noise analysis gives the
nonlinear terms, allowing us to assess their sig-
nificance and providing us with an objective way
of deciding between different measures of re-
sponse. The more linear a response, the more
likely it is to be useful for analyzing behavior.
Nonlinearities in some measures of response
may occur even when the primary response is
linear. Examples of common forms of nonline-
arity that might occur at some stage of signal
processing in phototaxis are rectification (re-
sponse to only one direction of the signal) and
saturation.
The signal possesses one other known char-

acteristic, in addition to the component caused
by cell rotation, that could be used to aid detec-
tion, although there is no clear evidence of
whether it is used. This is the component caused
by the flagellar beat. As described above, the
cell body rocks back and forth during each beat
of the flagella. This changes the orientation of
the cell with respect to the light, causing the
light intensity on the antenna to modulate in
phase with the flagellar beat. This component
could be selected from the noisy signal by cross-
correlation with the flagellar beat, with a great
reduction in high-frequency noise (for example,
see Lee [143]). There are many ways that such
cross-correlation could arise rather simply. As
an example, imagine that the signal picked up
by the antenna is transferred to the flagellum,
where it exerts the effect described by the im-
pulse response. Then imagine that the sensitiv-
ity of the flagellum to the signal varies in some
systematic way throughout the beat cycle. This
property alone would cause the signal to be
enhanced over the noise. One attractive feature
of such a cross-torrelation scheme is that the
cross-correlation occurs no matter what irregu-
larities occur in the flagellar beat. Moreover, the
exact form of the flagellar sensitivity is not crit-
ical, provided it is in phase with the flagellar
beat. The two methods of signal production,
rotation and flagellar beat, would affect the proc-
essed signal in the same way. In other words, the
component due to the flagellar beat would be
large when the antenna is lit and small when it
is shaded. We think it likely that some form of
cross-correlation with the flagellar beat occurs.
This could be tested by determining whether
phototaxis can be disrupted by modulating the
stimulus light at frequencies near the flagellar
beat. Cross-correlation of the input signal with
the flagellar beat might be the explanation of
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why Chlamydomonas cells sometimes track for
a few seconds normal to the light (Fig. 25).
(When the antenna points directly at the light,
the cross-correlated signal would be low.)
How could the signal processor work at the

molecular level? The processor makes the detec-
tor rate sensitive, so the signal must be com-
pared at two different times. This can be done
enzymatically as demonstrated in the chemo-
taxis system of Escherichia coli. Here, behavior
depends on the rate of change of chemical at-
tractant bound to a receptor (30, 47). The meth-
ylation level of a methyl-acceptor protein pro-
vides a record of the low-frequency changes of
the concentration of bound attractant (89, 233).
A comparison to the present level of bound
attractant provides the differentiated signal (17).
Comparable biochemical studies relating to
processing in algae have not yet been carried
out.
Another form of signal processing, based on

ionic control mechanisms, has been studied in
detail in Paramecium (reviewed in references 66
and 138). Here, ciliary beat frequency and direc-
tion of beating are controlled by the membrane
potential of the cell and the internal Ca2" con-
centration. Membrane potential and internal
calcium concentration are interdependent, and
both change in response to stimulation. Several
lines of evidence suggest that at least some algae
have similar mechanisms of signal processing.
The experiments of Litvin et al. (151) on the
volvocalian alga Haematococcus are instructive.
These investigators inserted one end of the alga
cell into a micropipette and measured the poten-
tial difference between the inside and the outside
of the pipette. This potential provides an indi-
rect measure of the membrane potential of the
cell and was found to change in response to light.
Because the action spectrum of the change is
similar to the absorption spectrum of the recep-
tor pigment for phototaxis (see Action Spectra),
change in membrane potential is thought to play
a role in phototaxis.

Litvin et al. used both pulse and step changes
in light intensity. After a step change, the inside
of the pipette became transiently more positive,
reaching a peak in 20 to 85 ms depending on the
light intensity; the change lasted about 200 ms.
These times are comparable to the 20-ms mini-
mum time required for a behavioral response in
Chlamydomonas (227; stop response delay,
Smyth, unpublished data), and the cell rotation
time of 500 ms. The change in membrane poten-
tial is probably involved in conducting the signal
from the receptor to the flagella and represents
an early stage of the processed signal. We can
suggest, by analogy with vertebrate photorecep-

B B
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FIG. 25. Stereo plot of the path of Chlamydo-

monas. After blue stimulating light was turned on at
B, the cell swam approximately normal to the light.
Total duration ofpath was 13.6 s. Path length was
1.2mm (see legend to Fig. 1).

tor rods (6, 73), that lights controls one ion gate,
whereas a second ion gate is voltage controlled
in the opposite direction to make the resultant
response transient. In Volvox it has been ob-
served that transient changes in flagellar activity
(i.e., probably beat frequency) occur with
changes in light intensity (221, 222).

Several lines of evidence indicate that the
mode of flagellar activity of algae is affected by
internal Ca2" concentration. Litvin et al. (151)
found that a large step change in light intensity
caused a second potential change, opposite in
sign to that caused by a smaller stimulus, to be
superimposed on the first, the second change
requiring free Ca2" in the external medium. This
potential change may be involved in backward
swimming, a response algae made to strong stimn-
ulation, and known in Chlamydomonas to re-
quire Ca2+ (125, 227). Nichols and Rikmanspoel
(194) injected small volumes of solution into
Chlamydomonas and Euglena cells. Injection of
positive-current or Mg2e ions increased the flag-
ellar beat frequency, whereas negative-current
or Ca2+ ions decreased flagellar activity.
Although the interpretation of these various

observations on ionic control mechanisms in al-
gae is not yet clear, it may be that small-signal
effects, mediated through changes in membrane
potential, control flagellar beat frequency and
tracking, whereas large-signal effects, which
cause the cell to reverse or stop, are mediated
through internal Ca2+ concentration. Note, how-
ever, the Chlamydomonas growth without
added Ca2+ is not phototactic (199). It is not
known whether individual flagella are differently
affected by stimulation.
We have described the processor as a temporal

filter of the light intensity received by the an-
tenna, but because the antenna scans the envi-
ronment, we can say with equal justification that
the processor acts as a spatial filter of the light
environment (224). This description relates the
processor more directly to its biological role.
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Acting as a spatial filter, it enhances the sensi-
tivity of the cell to certain distributions of light
intensities and suppresses the response of the
cell to other distributions. This optimizes the
ability of the organism to find the light direction
in a particular light distribution.

Response: Tracking the light Direction
We will now consider the behavior of a few

organisms. Although tracks of the net phototac-
tic response exist (Fig. 1), few of the essential
facts have been firmly established for any alga.
Here, we tie together what is known about the
response with what we have already said about
function.
Chlamydomonas. We assume that positively

phototactic Chiamydomonas (like Volvox [221,
222]) responds with decreased flagellar beating
to an increase in light intensity and vice versa.
The evidence for this is that Chiamydomonas
stops after step increases in light intensity, but
not after step decreases. Although experiments
to determine the time course and direction of
the asymmetric corrective force of the flagella
are straightforward in principle, they have not
been done. One would like to know whether the
two flagella respond symmetrically or asymmet-
rically. The asymmetrical position ofthe eyespot
(Fig. 2) shows that the two flagella are not
topologically equivalent. Moreover, B. Huang
(private communication) has obtained mutants
in which the development of the cis-eyespot
flagellum is different from that of the trans-
eyespot flagellum. Also, occasional asymmetric
beats are seen by microcinematography (see In-
troduction). Thus, there is sufficient asymmetry
between the two flagella that the corrective re-
sponse could involve asymmetric action of the
flagella. The main effect, however, is more likely
a symmetrical change in the beat (194, 221). We
do not know how the corrective maneuver is
phased with the stimulus.
The swimming paths are helical, though often

the helices are quite shallow and the paths are
nearly straight. We do not know whether the
antenna points toward the inside of the helix
(large 0) or the outside (small 0) during tracking.
Because the amplitude of the light modulation
during the rotation cycle would be greater if the
antenna pointed inward, this orientation seems
somewhat more likely. (The antennas of Eu-
glena [54] and Ceratium [185] point inward.)
The cells could track with the antenna in either
position, and when the helices are shallow, the
orientation probably does not make much dif-
ference. But smooth tracking, such as we see in
Fig. 1, implies that both the phasing and scan
angles remain relatively constant. If the antenna
flipped from inside to outside, there would be a

1800 phase shift that should be visible in the
track. Therefore, we suspect that the angle be-
tween the cell axis and the tracking direction is
great enough to overcome noise in the cell ori-
entation that could cause ambiguity as to
whether the antenna faces inward or outward.
At the time that the cell responds, the proc-

essing delay (see Signal Processing) and phasing
angle advance (see Signal Production) have
combined to place the cell in an orientation
where a small corrective response will make it
turn toward the light. However, the timing, di-
rection, and magnitude of the response probably
depend on the size of the stimulus in such a way
that more than one kind of behavior is possible.
At least two kinds of tracking are seen in Chla-
mydomonas, close-angle tracking (Fig. 1) and
superhelical tracking (Fig. 26). Stable superhel-
ical tracks are rather common, with the super-
helical axis coinciding with the light direction
and with 5 to 6 rotations of the cell per super-
helical rotation. In superhelical tracking, the
plane in which the cell turns when it makes its
main corrective response must be inclined to the
light direction in such a way that after one
rotation cycle, the cell retains the same orienta-
tion to the light that it had at the beginning of
the cycle. The tracks are left-handed for posi-
tively phototactic cells, right-handed for nega-
tively phototactic ones. This handedness implies
that the plane in which the cell turns is rotated
counterclockwise (as seen from in front, see Fig.
23) as compared with the clockwise cell rota-
tion. There is a way the cell could do this.
Compared with the close-angle-tracking cell,
which reorients precisely in the direction which
corrects its error, the superhelical-tracking cell
could respond earlier in each rotation cycle. One
reason for this apparently less-than-optimum

B B

FIG. 26. Stereo plot of the path of Chiamydo-
monas, showing phototactic tracking (negative) in a
superhelical path. Blue stimulating light was turned
on at B. Path duration was for 7.6 s. Path length was
1.4 mm (see legend to Fig. 1).
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design may be the need to be optimum at lower
light intensities (i.e., worse conditions) when
response time is inevitably slower. In summary,
there is a significant difference between close-
angle and superhelical tracking. In close-angle
tracking a small error signal is nulled at all times,
the cell maintains its same face toward the light,
a small response makes the realignment, and the
axis of the cell rotation is aligned with the light
direction. In superhelical tracking the error sig-
nal is periodic with cell rotation, and there is a
larger and earlier periodic correction which
keeps the cell going through a constant cycle of
orientations that align the axis of the superhelix
(not the axis of the rotation of the cell) with the
light direction.
The cells sometimes swim normal to the light

direction for short intervals (Fig. 25). Although
these paths lack long-term stability, they appear
to result from active response to the light rather
than from random swimming without stimula-
tion.
Microthlamnium. Watson has observed sta-

ble swimming paths of the green alga Micro-
thamnium that are normal to the light direction
(see Fig. 2c of reference 245). The cells were
stimulated with continuous dark-field illumina-
tion and appeared to respond to the light once
each rotation. Each time they responded, they
changed their orientation to the helical path by
1800. At each response the curvature of the path
changed by 1800, giving it a zig-zag appearance.
This study raises an important point: little at-
tention has been paid to the effect of light dis-
tribution on the behavior of microorganisms.
Because the light antennas of algae are designed
to match a particular distribution of light, this
could have a significant effect. It is not clear to
what extent the observed behavior of Micro-
thamnium depends on the unusual light distri-
bution (dark field) used.
Euglena The antenna ofEuglena is directed

inward toward the helical axis (54), and the
response is directed opposite to the antenna
direction. In positive phototaxis the organism
responds to a decrease in light intensity; in neg-
ative phototaxis it responds to an increase in
light intensity (54).

Dinoflagellates. In dinoflagellates with both
a transverse and a longitudinal flagellum, the
flagella may be under separate control. Both
Metzner (185) and Hand and Schmidt (105) have
the impression that in continuous light the trans-
verse flagellum rotates the cell to align the an-
tenna toward the light, after which the longitu-
dinal flagellum steers the anterior end toward
the light. In Ceratium (185) the longitudinal
flagellum is stimulated to turn the cell in the
direction of the antenna, and probably it alone
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is responsible for making small tracking correc-
tions. During tracking the antenna is pointed
toward the inside of the helix, and correction is
made toward the same direction. This implies
that the cell responds to an increase in light
(positive impulse response).
So far we have discussed only the usual case

of antennas that are directed normal to the
swinmning path of the cell, but in some cells the
antennas are directed more forward. The con-
spicuous ocelli found in the family Warnowia-
ceae appear to be angled in different species
from normal to the longitudinal axis of the cell
in Nematodinium armatum (191) to perhaps 300
from the longitudinal axis in Erythropsidinium
(97). In one warnowiacean, a completely differ-
ent principle may be employed. Leucopsis cylin-
drica (95) is a large cell 45,um in diameter and
115 ,pm long with its anterior face covered with
15 or so ocelli directed forward. We have no
behavioral information. This might be an an-
tenna array that forms an image and can there-
fore work like the man-made multiple-element
tracker mentioned earlier (see Introduction). In
that case it would compare the intensity at each
antenna to make flagellar control decisions.
Colonial algae. Colonial algae are superbly

phototactic as they swim rapidly and respond
immediately to changes in light direction. They
swim at speeds up to ten times the speed of
unicellular organisms that are comparable to the
individual cells of the colony. This increased
speed is a consequence of Stokes' law. The speed
of a body in a viscous medium is directly pro-
portional to the propulsive force and inversely
proportional to the viscous resistance. The pro-
pulsive force is proportional to the number of
flagellated cells in the colony, which in turn is
proportional to the area. Because the area in-
creases as the square of the radius and the
viscous resistance increases as only the first
power of the radius, the swimming speed in-
creases as the radius increases. Rapid response
is a consequence of the many independent sen-
sors of the colony. Unlike a unicellular alga, the
colony need not complete a rotation to detect a
change in light direction. When the light direc-
tion changes, some cells pass from dark to light
and respond quickly by beating their flagella
with less force (123, 173, 194). Unequal force on
the two sides of the colony generates a torque
that immediately starts turning the colony to-
ward the light. Because rotation of the colony
continuously brings dark-adapted cells into the
light, the torque is sustained until the colony is
realigned with the light.
Gonium pectorale (173) contains 16 cells ar-

ranged in a square flat plate 100 ,um across. Each
cell has an eyespot and two flagella. The colony
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swims with its flat surface perpendicular to the
direction of motion and with the flagella all on
the front surface. The colony rotates counter-
clockwise (left-handedly) as seen from the rear.
Each antenna points normal to the direction of
travel ofthe colony, making the scan angle about
900 as in unicellular algae. In the plane of the
colony, each antenna points more counterclock-
wise than the radius from the center of the
colony to the antenna. Thus, there is an appre-
ciable positive phasing angle, and we can say
that the antenna anticipates the signal (see Sig-
nal Production). If the position of the light
source is changed so that the rays strike the
anterior surface of the colony obliquely, it cor-

rectly turns at once. It never turns in the wrong
direction or makes a random motion. If the light
intensity is suddenly decreased, the rate of
movement suddenly increases for a short period.
Although not reported, there is probably also a
transient decrease in activity in response to an
increase in light. The distribution of beating
rates on the cell reorients the colony. Once
aligned with the light each cell has nulled its
own error signal. In fact, each individual cell acts
independently to give the immediate collective
response.

Volvox is more complicated, its coenobium
consisting of 1,000 or more individual cells ar-
ranged in a hollow sphere. As already discussed
(see Signal Production), Volvox antennas are
strategically oriented in specific directions to
make the colony orient to the light. Mutants
with incorrectly oriented antennas cannot track
(122). The coenobium is densest in the rear,
where there are large reproductive cells and
autocolonies (171, 215). Because of this asym-
metry, motile colonies swim upward in the dark,
and nonmotile colonies sink with the posterior
end downward (171, 215). When the cell is in
any other orientation a torque is produced by
gravity which tries to return it to the vertical
orientation. When illuminated from above, pos-
itively phototactic colonies swim upward in a
helix (171).

In experiments on phototaxis, horizontal light
has most commonly been used as the stimulus.
Under these conditions Volvox colonies swim in
a nearly straight line. The line deviates to the
left of the light direction (when the colonies are
viewed from above) (124, 171, 226) and some-
what upward (171). More rapidly rotating colo-
nies show less deviation to the left (124). As the
light intensity is raised, the paths become more
nearly horizontal (171). The angle of lateral de-
viation, on the other hand, remains almost con-
stant over an intensity range of 3 orders of
magnitude (124, 226). The amount of lateral
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deviation varies with wavelength, becoming
greater at wavelengths at which screening pig-
ments absorb less (226).
This behavior is a consequence of two effects

that act to turn the colony, the torque due to
gravity and the torque produced by the asym-
metrical response to light changes. Whereas the
gravitational torque always acts to turn the an-
terior end of the colony upward, the net torque
direction due to photoresponse is variable, de-
pending on the direction of the light. To reach
stable paths such as those observed in horizontal
light, the torque due to photoresponse must act
straight downward in the vertical plane (i.e., the
leftward and rightward torques must cancel) and
be of the same magnitude as the gravitational
torque at that particular angle. Given the spe-
cialized directivities of the antennas in Volvox
and their unknown responses, it is impossible to
predict the magnitude and direction of the
torque produced as a function of the angle of the
colony axis to the light direction. However, it is
reasonable to assume that the magnitude in-
creases monotonically with the angle of devia-
tion between the swimming path and the light
direction (see Signal Production). The direction
of the torque would also be expected to change
with the angle of deviation, the response most
likely occurring earlier as the amplitude of the
signal increases. It is possible that this variation
in direction of response has been selected to
some extent to lessen the time required for the
cell to realign its path with the light direction
when it deviates under normal illumination. In
any case, the leftward deviation under horizontal
illumination shows that when the gravitational
torque forces an appreciable deviation of the
path from the light direction, the response is
phase advanced, in effect occurring earlier than
the time when response would cause the colony
to turn directly toward the light. The paths are
stable because the magnitudes of the two
torques vary in opposite directions, the gravita-
tional torque ranging from zero when the colony
is vertical to a maximum when it is horizontal.

In the more rapidly rotating colonies, the pho-
totactic torque is probably greater than in the
slower ones, and the cells have rotated farther
when they respond. Therefore, the lateral devia-
tion is less. At higher light intensity, the photo-
tactic torque is stronger, and the delay in re-
sponse is shorter, a new equilibrium is found
closer to the light direction. The independence
of the lateral deviation from the light intensity
indicates, however, that the two effects approx-
imately cancel in the horizontal plane. Increas-
ing the screen increases the torque substantially
without changing the delay, which primarily
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depends on the mean light intensity; therefore,
when the screen is larger, the lateral deviation
is reduced.
We have simplified the discussion by suppos-

ing that the colonies always rotate in the left-
hand sense and always deviate to the left when
exposed to a horizontal light beam. Although
this is the predominant behavior, the colonies
sometimes rotate to the right (171, 215) and
sometimes deviate to the right (171). Our inter-
pretation predicts that right-rotating colonies
should deviate to the right, and that left-rotating
colonies should deviate to the left.
Both the superhelical swimming in Chlamy-

domonas and the lateral deviation in Volvox
illustrate that the phase relationship between
the response and the orientation of the organism
to the light has an important effect on behavior.
In both cases maximum response occurs earlier
in the rotation cycle that would be required to
turn the colony or cell directly toward the light.

Discussion
We hope that this analysis of function will be

useful not only in physiological studies of algae
but also in more general characterization of algal
species. Therefore, we do not want to leave the
impression that progress depends solely, or even
primarily, on specialized techniques like white
noise analysis or single cell tracking. Straight-
forward observations are needed on the location
of the eyespot, the direction and rate of rotation,
and rates of translational and rotational diffu-
sion, all of which can be measured by using the
light microscope. Also needed, but harder to
obtain, is information about the orientation of
the cell to its helical swimming path. We have
seen that some groups of algae have a positive
impulse response, and others have a negative
one. This appears to be a basic phylogenetic
trait. Its measurement requires observation of
the effect of small changes in light intensity, up
and down, on the behavior of the cell as a
function of the orientation ofthe cell to the light.
Such studies will be more valuable if ultrastruc-
tural studies to determine antenna properties
and threshold and intensity-response measure-
ment to determine light requirements are done
on the same species.
Many photosynthetic bacteria use the photo-

synthetic receptor in a dual role as sense recep-
tor. Algae are different, using specialized pig-
ments or separate structures for phototaxis. At
first this seems surprising, because presumably
the purpose of phototaxis is to optimize photo-
synthesis. The reason for specialized structures
cannot be any need for elaborate antennas be-
cause, as we have seen, phototaxis can work
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passably well without them. Apparently, spe-
cialized structures are necessary because the
receptor must be small. Only then can it produce
a phased signal containing the directional infor-
mation essential to tracking. Again and again in
different groups of algae this adaption for finding
appropriate light conditions has justified the
cost to the cell of building specialized structures.

PROSPECTS AND CONCLUSIONS
Different groups of algae have evolved differ-

ent solutions to the problem of orienting to the
light direction. Evolving in parallel, each group
has developed dramatically different machinery
for its phototaxis control system (Fig. 3). Dodge
(58), in particular, has emphasized this view-
point when describing eyespots. The same basic
principle for tracking light is used in all designs.
The rotational motion of the cell causes the
antenna to scan the environment. The sensor
receives a temporal pattern of intensity. The
sensor output is filtered by the signal processor,
and the signal is communicated to the responder
to regulate the flagellar response. A succession
of flagellar maneuvers of the right phase and
amplitude keep realigning the organism with the
average light direction. This is done over a wide
range of extemal light intensities in spite of
noise. In each design the antenna points normal
to the swimming path of the cell. Therefore,
when the organism swims normal to the light
direction, the change in light intensity at the
sensor during one rotation is maximal. This
change in light intensity is the error signal for
tracking. As the angle between the light direc-
tion and the cell axis decreases, the amplitude
of error signal also decreases. One important
result of this design is that the cell, no matter
what its orientation, has an appropriate signal
to correct its motion. The light antenna system
functions as a spatial filter eliciting for a partic-
ular pattern of light a response that aligns the
organism with the light direction. The ways that
different phototaxis systems achieve their re-
sults provide us with lessons in wave optics and
control analysis.

Clearly, the methods have been different.
Chlorophycean algae, for example, have medi-
ally located eyespots and use the following op-
tical strategies to create a directional antenna:
reflection and interference from a quarter-wave
stack of differing refractive index layers, absorp-
tion in the high refracting layers, wave guide
action for light at high incidence, absorption and
scattering of light passing through the cell, and
probably orientation of the chromophore mole-
cules in the receptor membrane. They use a
carotenoprotein or rhodopsin as photoreceptor
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and probably use the electrical properties of the
plasmalemma to communicate with the flagel-
lum. Cryptomonas uses slab wave guides in its
antenna, combined with an absorbing stop or
eyespot. The photoreceptor pigment is phycoer-
ythrin, and communication from pigment to fla-
gellum may involve diffusion. Euglena uses a
three-dimensional dichroic crystal receptor in
combination with an absorbing eyespot. The
photoreceptor pigment is a flavoprotein, and
signal communication probably involves solid-
state conduction.
Each of these antenna designs employs two or

more optical principles that operate simultane-
ously and reinforce each other. This diversity
raises the expectation that if we figure out some
mechanism that could be used for phototaxis, an
organism may eventually be found that uses it.
Antenna structures have not been identified in
all phototactic organisms. In some of these a
specialized antenna may not have been required.
In organisms in which good tracking and low
threshold are not needed for survival, a localized
patch of membrane could serve as receptor, and
absorption and scattering from the cell body
could serve as screen. In other cases we probably
have not seen the antenna because we do not
know what to look for, and we have no behav-
ioral data to tell us that it is there. We have seen
various ways that algae have modified parts of
their chloroplasts and flagella to make parts of
their antennas. Presumably, other organelles
have been modified for antenna function, but
the antennas have not been recognized yet. One
of the exciting prospects for work on phototaxis
is the discovery of these new antennas.
We have emphasized in our discussion the

importance of the environment for understand-
ing phototaxis, but we can use phototaxis to
understand the enviromnent. The color, inten-
sity, temporal pattern, and spatial pattern of
light that the cell is designed to detect describe
the environment that elicited the design. It is
often unclear to the researcher what physical
variables of the environment are important to
microorganisms. Comparative study of photo-
taxis, by giving us an alga's-eye view of the
world, may provide us with ecological insights
that would be difficult to arrive at by other
means.
An example may make the point clearer. Pic-

cini and Omodeo (212) have suggested that some
warnowiacean dinoflagellates, instead of track-
ing the overhead light in the sea, use their sen-
sory apparatus to see their prey, which they
could then attack with their nematocysts. How
do we decide between these two possible roles
for photosensitivity? One way, of course, is to
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watch the organisms and try to figure out what
they are doing, but another way is to make
laboratory observations on how they respond to
patterned stimulation. Do they respond to a
shadow that gets bigger, suggesting that they see
prey, or do they respond to light of a certain
optimum distribution, suggesting that they see
the light in the ocean? To answer this kind of
question, white-noise techniques for the analysis
of spatial stimuli could be applied to single algal
cells. These techniques have already been suc-
cessfully applied to analyzing interactions in the
vertebrate retina (170).

Recognition that most flagellated algae have
antennas is crucial to the study of these orga-
nisms. We do not overstate the case by saying
that it is as important to the phycologist to know
about the antenna and its function as it is for
the ornithologist to know that birds fly. Lack of
this knowledge about algae has led to many
errors in the past. For example, we find clear
errors in the placement of eyespots in drawings
of algae; sometimes authors place them in posi-
tions that disagree with their own electron mi-
crographs. We find suggestions that algae do not
rotate, failure to recognize the consequences of
rotation in data on phototaxis, or suggestions
that tracking the direction of the light is not the
physiologically relevant response.
Our analysis of phototaxis also has some

broader implications for sensory physiology. The
algae are a dramatic example of a cell that must
detect a pattern to its stimulation. Considera-
tions of how such a signal must be processed led
us to see features of design that might otherwise
have escaped our notice. Similar analysis could
be applied to any sensory system in which a
pattern must be detected and in which matched
filter processing is likely to be involved. This
could be especially useful in studying commu-
nication between individual cells, where both
the transmitter and the receiver are under bio-
logical control.
To make the scheme of phototaxis outlined in

this paper clear, we have asserted some conclu-
sions more strongly than present data warrant.
We have tried to indicate where we have done
so. Undoubtedly, some details will prove wrong,
or reality will prove to be more complex, but the
convergence of evidence from diverse sources
makes us confident that the broad picture is
correct.
Although much descriptive work remains to

be done on phototaxis, the time appears ripe for
learning from biochemical, genetic, and electro-
physiological approaches the largely unknown
molecular details of light reception, signal proc-
essing, antenna structural design, signal conduc-
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tion, and response. Chlamydomonas, with its
quarter-wave stack antenna and probable rho-
dopsin receptor, and Euglena, with its flavopro-
tein crystal detector, have been popular orga-
nisms in the past and will probably serve as good
model systems in the future. We hope that by
surveying present knowledge from a modem
physical viewpoint, we have augmented the
challenge to find out how the molecules really
work in the complicated behavior ofthese simple
creatures.
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APPENDIX
Analysis of Intensity-Response Curves

Independent effect of photoreceptor and
screen. From the intensity-response curve, one can
construct separate action spectra for the receptor and
the screen. The response is dependent on the number
of captured photons (Io,), the fractional absorption of
the screen (A), and the wavelength (X). Hence, we can
write the response as R(IorA,X). Under conditions
that we will examine below, the response can be rep-
resented as the product of two functions, f and s, for
the receptor and screen functions, respectively:
R(Io,,A,X) = f(Io,,X) *s(A,X). At the intensity I..
that produces maximum response, we have aR/dI =
(8f(Ia,)/d8I) s(A,X) = 0, df(Io,)/dI = 0, and Imazr, = c,
where c is a constant independent of wavelength. For
the maximum response R,, we have R. = f(c).
s(A,A). If response to the screen is linear with absorp-
tion, we can replace s(A,X) with A(X). Therefore, we
have two action spectra

R.,,(X) ocA(X) (Al)

1/I.(X) oc o,(X) (A2)

A plot of R. versus X approximates the screen ex-
tinction; a plot of l/Ima. versus X approximates the
photoreceptor absorption spectrum.
We can generalize this approach by noting that it is

not really necessary to measure R. or Im.a All that
is required is a set of corresponding points on the
intensity-response curves at different wavelengths.
We define corresponding points as the points on

each intensity-response curve where I/In equals
some constant. At these points, Ia, and f(Ia,) are
constant. Therefore at corresponding points

R(X) oc A(X) (A3)

1/1(X) oC (X) (A4)
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We show below how to obtain a set of corresponding
points from the linear portion of a plot of R versus log

Under what conditions can we expect the receptor
and screen functions, f(Ia,) and s(A,X), to be independ-
ent? First, we assume a single photoreceptor pigment.
If there are two receptor pigments, the action spec-
trum is a composite of Ia,I and Iao2 and is a different
function of light intensity at different wavelengths. As
long as there is a single photoreceptor pigment, the
light need not be monochromatic. The response is the
same function of light intensity for white light of
constant spectral quality as for monochromatic light.
Even when there is a single receptor pigment at low
intensity, photosensitive intermediates usually accu-
mulate at high intensity and may complicate analysis.
We assume that the quantum efficiencies (4,) are
nearly constant with wavelength. We assume that at
a particular wavelength the proportion of light
screened is the same at different light intensities, an
assumption that is probably valid over short intervals,
but is known not to be valid over periods of many
hours. Finally, the effective light intensity in the cell
is less than the measured light intensity by an amount
that depends on the "average" screening. We do not
know how to measure or compute this average, al-
though it must lie between incident intensity and the
minimum of the modulation cycle. We assume that
the absolute variation in the screen as a function of
wavelength is small enough so that this additive cor-
rection can be neglected in the determination of rela-
tive action spectra. The effect of photoreceptor and
screen cannot be precisely separated easily in the
presence of a quarter-wave stack. The wavelength
dependence of the interference of the stack will affect
fin the same way as variations in quantum efficiency,
while at the same time contributing to the screen. The
magnitude of the effect is difficult to estimate and
depends on the orientation of the cell that determines
the observed behavioral response.

Derivation from receptor kinetics. We have
outlined above a general scheme for constructing ac-
tion spectra from the intensity-response curve. To
make this approach more concrete we apply it to a
particular derivation of the intensity-response curve,
with the understanding that the validity of the general
approach to action spectra just described does not
depend on the validity of the additional assumptions
made in this particular derivation. We also show that
this derivation provides an estimate of the regenera-
tion time of the photoreceptor pigment.
A derivation of the intensity-response curve is sug-

gested by the analogous case of bacterial chemotaxis,
for which abundant data are available. Several workers
(30, 47, 183) have shown that kinetic data on bacterial
chemotaxis fit a model that assumes that the response
is proportional to the rate of change of chemoreceptor
protein bound to chemical attractant. Here, the critical
process is the reversible binding of attractant to
chemoreceptor protein, subject to the law of mass
action. We assume that the analogous process in pho-
totaxis is the destruction and regeneration of photo-
receptor pigment. Following Rushton (218), we assume
that the photoreceptor pigment exists in two states,
an active state PA and an inactive state P,. Absorption
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of a photon by a molecule of active pigment converts
it to inactive pigment. Active pigment is regenerated
from inactive pigment by a chemical process not re-
quiring light. Diagrammatically, the relationship is

PA A PI.

Such pigment conversion has been demonstrated by
direct measurement of PA and P, in human vision (3,
219) and in insect vision (reviewed by White [247]). It
has been inferred for the Phycomyces light-growth
response (150).
The rate equation for interconversion of PA and P1

is dp/dt = -k1Ip + k2(1 - p), wherep is the proportion
of photoreceptor pigment in the active form, I is the
incident light intensity (in quanta per square centi-
meter per second), ki is the rate constant for photo-
chemical inactivation (in square centimeters), and k2
is the rate constant for dark regeneration (per second).
Setting dp/dt = 0, we have at equilibrium p =

k2/(k2 + kMY). We assume that the magnitude of the
response is a monotonic function of the time rate of
change in amount of active pigment. Ifwe approximate
the amount of active pigment by the equilibrium
amount at incident light intensity, R = C dp/dt =
C[k1k2/(k2 + k1)2]dI/dt, where C is a porportionality
constant, independent of wavelength. We assume that
dI/dt is proportional to the incident light intensity I
and to the extinction of the screen A. The intensity-
response curve is then

R = Ck1k2AI/(k2 + k,I)2 (A5)

We now show that this curve can be used to estimate
k,, k2, and relative values ofA at different wavelengths.

Ifwe differentiate equation A5 with respect to Iand
set OR/I =0, we have

Ime = k2/kl (A6) 0

where Imas is the intensity of light that produces the ,
maximum response. ki is equivalent to 4r,Jr, the quan- @
tum efficiency times the absorption cross section of 0
the photoreceptor pigment. If these quantities are
known or estimated, then the time constant for the
regeneration of active pigment is

1/k2 = l/(Imaz4r4r) (A7)

This is the time in the dark required to convert
lle = 37% of the inactive pigment to the active form.

If I.a.x from equation A6 is substituted for I in
equation A5 we have R. = CA/4, where R.,a is the
magnitude of the maximum response. Therefore, at
different wavelengths

Rmax(X) OC A(A) (A8)

the same result as equation Al. Since C is unknown,
the method gives only relative values of A(A).

Replacing k1 in equation A6 by its equivalent <Ora
and rearranging, we have

1/Imax = (l/k2)4)rGr(A) (A9)

Since k2 is independent of wavelength and 4)r in most
cases is nearly so, a plot of 1/I. versus X gives an
action spectrum proportional to the absorption spec-

trum ofthe receptor pigment, as predicted by equation
A2.

Often, monochromatic light of sufficient intensity
to produce the maximum response is not available.
Nonetheless, the two action spectra described above
can be constructed using only the lower part of the
intensity-response curve. Over a range of intensities
below the maximum, the response is nearly linear with
respect to log I. We can approximate the log intensity-
response curve in this region by the tangent to the
curve at the inflection point. Replacing I in equation
A5 by 10 and differentiating twice with respect to x,
we find that at the inflection point R = CA/6 and
I = 0.268(k2/k1). The equation of the tangent at this
point is

x = R/(0.222CA) + log [0.0474(k2/ki)] (A10)

where 0.222CA is the slope and log [0.0474(k2k,)] is
the x intercept. Note that the slope is proportional to
A and independent of k1, whereas the intensity at the
intercept is proportional to l/k, and independent of
A. Plots of the slopes and of the reciprocals of the
intercept intensity at different wavelengths therefore
give action spectra representing the extinction of the
screen and the absorption of the photoreceptor pig-
ment, respectively. If sufficient points are available, it
may be preferable to construct these action spectra by
fitting equation A5 to the points instead of using the
linear approximation. The principles involved in this
construction of action spectra are illustrated in Fig. 27.

Log Intensity
FIG. 27. Intensity-response curves for different

amounts of screening, computed from equation A5.
The curves have been shifted along the log I axis to
align their maxima. Construction of intensity-re-
sponse action spectra requires identification of cor-
responding points on different curves, i.e., points that
are vertically aligned on this plot. One set of corre-
sponding points is required. Three possible sets are:
(i) Points at log, if log Im,x can be read from the
curves; (ii) points where R = Rmax/2, when Rma can
be determined more accurately than log Imax; and (iii)
intercept found by extrapolating linear part ofR-log
I curve, approximated here by the tangent at the
inflection point. The plot shows that the tangents all
intersect the log I axis at a point equidistant from
log Imax.
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